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Abstract

A significant effort has been invested in the research of self-biased rectenna (rectifying
antenna) devices that are capable of rectifying very high frequency signal and can
function without the aid of an external bias. The latter makes these nanostructures
strong candidates for energy harvesting alternative to photovoltaic (PV) technology.
The development of high frequency rectifier, which is capable of transforming infrared
(IR) alternating-current (AC) radiation into usable direct-current (DC) electricity is
the primary focus of the rectenna design. One of the most promising candidates as the
rectifier in a rectenna device is known as metal-insulator-metal (MIM) diode, which
has been given serious consideration. The ultra-fast quantum mechanical (QM)
tunnelling mechanism of MIM diodes makes them suitable for high-frequency

rectification applications.

Despite their potential, MIM tunnel rectifiers are currently exhibiting very low AC to
DC power conversion efficiencies, much less than 1%. This is mainly due to the poor
coupling efficiency (77.) between the antenna and the diode components being limited
by the diode’s cut-off frequency (f.). The cut-off frequency is determined by the RsCy
time constant where capacitance (Cy) and the resistance (Rq) of the diode are inversely
proportional. Then, the 7. is calculated from the resistances of the diode (Rs) and
antenna (R, = ~ 100 Q) elements, along with the Cyat a specific angular frequency
(w). In order to overcome this trade-off, a careful metal/oxide barrier height
engineering must be maintained while scaling down devices and reducing the insulator

thickness to decrease the Cy and the Ry simultaneously.

In this thesis, various MIM diode combinations have been fabricated and tested using
different metal (Au, Ti, Al, Zn and Cr) and oxide (Al>O3, Nb2Os, Ta,0s, ZnO, TiO;
and NiO) combinations with the aim of optimising the MI"M (n = 1, 2, 3) structures.
Initially, tunnelling diodes with single (MIM) and triple insulator (MI*M)
configurations have been fabricated using atomic layer deposition (ALD), radio-
frequency (RF) sputtering and shadow mask evaporation methods. ALD has offered
excellent control of insulator film thickness and quality. The shadow mask patterning
has also provided a fast and easy fabrication method for processing several MIM

configurations. The key performance metrics of the diodes including zero-bias



dynamic resistance (Ry), zero-bias responsivity (fy), asymmetry () and non-linearity

(fvr) have been determined from DC current voltage (I-V) measurements.

Single insulator Au/Al>O3/Ti and Au/Al>O3/Zn diodes displayed o of -0.6 A/W and
1.6 A/W, respectively indicating that they can be employed for self-biased energy
harvesting applications. Besides this, Au/ZnO/Au diode exhibited extremely low zero-
bias dynamic resistance (Ryp= 540 Q) compared to the Al>O3; based diodes with the
same area (10* um?) which makes this insulator a potential candidate for THz
operations. Furthermore, the effect of resonant tunnelling (RT) on the rectification
performance  of  cascaded  (Nb20s/Ta;0s5/Al203) and  non-cascaded
(Ta205/Nb,Os/Al,05) triple insulator rectifiers has been demonstrated. The MI°M
rectifiers have shown state of the art low-voltage f of 4.3 A/W at 0.35 V and # of 6 at
0.1 V. The effect of RT was stronger at higher bias region where an 7 of ~120 was
obtained beyond 1 V.

Variable angle spectroscopic ellipsometry (VASE) has been used during the
fabrication process of the devices to measure the oxide thickness, observe the film
quality and extract the optical constants (refractive index n, extinction coefficient k).
Band gaps (E) of the deposited oxide layers have also been extracted using Tauc
Lorentz method after finding the absorption coefficient (a), real (&;) and imaginary
(&;) parts of the dielectric function with respect to the photon energy. The results of
sub-band gap point by point VASE analysis show two &, peaks, at 1.3 eV referring to
hydrogen bridge defect (Si-H-Si) in the SiO; layers which corresponds to the oxygen
(O2) vacancies; and at 2.9 eV referring to the negatively charged Oz vacancies intrinsic
to the SiO02/Si interface. The latter were found to correlate with the higher gate to
source current on the actual devices. This study is a clear demonstration of point-by-
point VASE analysis for understanding the defect related gate oxide behaviour of Si
power MOSFETs.

Furthermore, the scaled MIM diodes based on TiO2, ZnO and NiO thin films using
photolithography and radio-frequency (RF) magnetron sputtering have been fabricated
to further improve the 7. of the devices. The electron affinities of these oxides have
been found from the combination of X-ray photoelectron spectroscopy (XPS), VASE
measurement and then used to reliably model the I-V characteristics of the fabricated

diodes. The impact of scaling the device area down to 1 pm? has been shown to be
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crucial for enhancing the 7.. A Au/ZnO/Cr diode, having 1 um? device area, showed
the best rectification performance with a Ry= 71 k Q, o= 0.28 A/W, and a projected
ne = 2.4 x 10° % for operation at 28.3 terahertz (THz).

The novelty of this thesis is that it presents experimentally enhanced performance
metrics of the MIM tunnel rectifiers such as; reduced diode resistance, increased
asymmetry and device responsivity by engineering the barriers, as well as improved
diode coupling efficiency by scaling down the devices. Furthermore, a new process
flow for fabricating nanometre (nm) scale rectenna devices using scanning probe
thermal lithography tool has been proposed to develop more efficient devices at 28.3

THz.
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Chapter 1



1. Introduction

1.1 Motivation

At sea level, our planet receives about 1000 W/m? of sunlight when the sky is clear.
Over 50% of this solar energy is primarily composed of infrared radiation (IR) [1].
Therefore, renewable energy sources are crucial components to achieve global zero-
carbon economy goals in the future century. The development of sustainable energy
technologies and materials has already seen a surge in study. The IR region, which
spans the wavelengths of 1.5 to 20 pum, is the most significant spectrum because it is
re-emitted by the earth's surface as IR radiation between 8 and 14 um, with a peak
emissivity at 10.6 um, or in other words 28.3 THz as shown in Fig. 1.1 [2]. The current
solar cell-based energy harvesting sources are unable to fully utilise this radiation.
This is because only the energy from the visible spectrum (400 to 750 nm) of the sun
has been captured using conventional photovoltaic (PV) technology. Moreover, IR
radiation can be used to generate energy day or night, unlike solar panels, which are

restricted by the amount of sunlight and weather conditions [1,3].
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Figure 1.1. A simplified diagram of the incoming and outgoing atmospheric radiation

[2].

Scientists have been intrigued by the concept of a rectifying antenna (rectenna) for
many years due to its efficient design and functioning in the IR range [4,5]. Rectennas

have the potential to theoretically achieve 100% conversion efficiency, which is a



significant difference from PV technology where the band gap of the semiconductor
is the limiting factor [3,6,7]. However, only the collection of energy at microwave
(MW) and radio frequencies (RF) has been demonstrated to be successful (>85%
conversion efficiency in MW frequencies) so far with the use of an antenna and
rectifying diode [8]. The maximum up to date overall conversion efficiency at 28.3

THz have been obtained as ~ 10°% using MI?M based nano-rectenna devices with a

detectivity of ~10° Jones (cmvHzW ") [9]. On the other hand, the IR is abundant in
the environment that is emitted by several heat sources such as sun, earth’s surface,
electronic devices and human body. Hence, IR energy harnessing can have various
potential applications in different fields. One of these applications is capturing and
converting thermal radiation or waste heat into usable electricity to reduce the energy
consumption in several industries such as transportation, manufacturing or electronics
[1]. Another potential application of rectennas can be their usage in wireless power
transfer applications. They can be integrated with devices such as sensors and
wearable electronics which makes it possible to harvest IR energy for powering these
devices without any batteries or wired connections [10]. Also, they can be utilised in
environmental sensing applications such as thermal imaging or non-contact
temperature sensing by detecting and monitoring the temperature, heat distributions
and thermal gradient parameters [11,12]. Internet of things (IoT) and autonomous
systems can also be other application fields for nano-rectenna devices due to the
growing need for compact and self-powered energy sources. Nano-rectennas can
harvest energy from the ambient IR radiation, enabling long-term and sustainable
operation of these devices without the need for frequent battery replacements. As a
result, the rectenna technology is at the cutting edge of high-frequency electronics and
nanophotonics applications, including IR and optical detectors [11,12], biosensors

[10] and optical transceivers in communication systems [13].

Rectennas' ability to function at higher IR/THz frequencies has been limited by the
absence of a diode nanostructure that can be coupled to antennas to work efficiently.
The potential practical rectification mechanism relies on the quantum tunnelling effect
of electrons with fast response times of the order of femtoseconds (fs). This idea is
used in metal-insulator-insulator-metal (MIM) diodes, which need to be engineered
for improved quantum mechanical (QM) tunnelling and reduced in size to nanometer

scale for efficient THz operation. These devices can now be moved towards the THz



regime owing to development of nanotechnology, which has enabled patterning down

to the nanoscale.

The focus of this study is to enhance the diode architectures and provide a better
understanding of their feasibility for integrating with rectenna systems. The objectives
include specifying the technical requirements, improving the rectification capabilities
of THz rectifiers, downsizing these devices to make a projected efficiency assumption
and demonstrating the practicality of the rectenna technology at optical frequencies to
open the way for energy harvesting from the re-emitted IR radiation by the earth’s

surface.
1.2 THz/IR nano-rectenna concept

Figure 1.2 shows the components of an optical rectenna array, comprising receiving
nano-antennas and rectifying diodes. As mentioned in the previous section, a MIM
diode has been regarded as a leading contender for the rectenna system, and it is the

primary subject of this study.

DC current

Infrared radiation

Resonant tunnelling
Bound states

M;

Figure 1.2. Schematic of a rectenna array and the equivalent circuit diagram of a single

rectenna device [1].



The rectification process occurs by capturing the alternating-current (AC)
electromagnetic (EM) signal by the antenna arms and converting into useful direct-
current (DC) with the integrated MIM rectifier. Figure 1.2 also depicts a rectenna’s
simplified equivalent circuit. It consists of an alternating voltage source (V) with an
associated antenna resistance (R,) in series with the diode component composed of

dynamic resistance (Ry) and diode capacitance (Cy) in parallel with the load resistance

(R)).

The resistance difference between the forward and reverse bias currents facilitates
energy transfer via the diode rectifier. As a result, the incoming AC signal is
transformed into a DC current. As explained by Moddel et al. [6], the overall rectenna

efficiency can be estimated by

1N = NaMsTcNj (1.1)
where 7, is the coupling efficiency of incident EM radiation to the receiving antenna,
7, is the efficiency of collected energy in the diode-antenna junction, 7, is the power
coupling efficiency between the diode and antenna, 1; is the diode rectifying
efficiency which is determined by device responsivity (A/W). Responsivity represents

the rectified DC current per incident radiation power [6].

It is possible to determine the power coupling efficiency (7.) between the diode and

the antenna at a specific angular frequency (w) by

L 0
a a

where R, and R, are antenna and diode resistances, respectively and Cj is the diode
capacitance. It is also important to note that the antenna reactance is assumed to be
negligible in comparison to the diode reactance in this equation. However, at high
frequencies (>1 THz), this effect can diminish the coupling efficiency by a factor of
~10 [14]. An impedance match between the diode and the antenna (R, = Ry) is essential
for a high power coupling efficiency. Low dynamic resistance and diode capacitance

are necessary for efficient THz rectification. The cut-off frequency (f:) can be

calculated as



1
N 2nR4Cq

fe (1.3)
According to Eqn. 1.4, fabricating an MIM diode with a small area (in nm scale) or
utilizing a thick dielectric layer (in the range of a few nanometers) can reduce the diode

capacitance,

(1.4)

where d is the thickness of the insulator, &, is dielectric permittivity, &, is permittivity
of vacuum and 4 is the diode area. However, increasing the oxide thickness will result
in a higher diode resistance, which reduces the probability of electrons to tunnel
through a larger energy barrier. In other words, the insulator thickness should be in the
region of a few nanometers to ensure that electron tunnelling dominates other parasitic
conduction mechanisms. Therefore, the electrical properties of a diode are determined
by the choice of materials for the metals and insulators, as well as by the thickness of

the insulator.

The current responsivity (f;) of a diode junction can also be used to express its
efficiency (7;) in the classical region. In the semi-classical approach, the quantum
efficiency of the diode junction is denoted by ;. This phenomenon is explained by
the photon-assisted tunneling (PAT) formulation, which is used to determine the
response of a rectenna under illumination [15]. Therefore, the diode’s rectification

performance can be expressed as

n; = VDBiSC _ Vb Laark(VD+Vpn)—21aark(VD) Haark(VD—Vpn) (1.5)

B Vph Idark(VD+Vph)_ldark(VD_Vph)

where V), is the operating voltage, V), is the electric potential that corresponds to
photon energy and /4, is the diode's I-V characteristic in a dark environment. In the
classical region, the ;¢ is equal to the classical formulation of the responsivity
(I"(V)/I' (V)) of a diode where I’ and I” are the first and second derivatives of the
current [15]. Therefore, 8¢ becomes closely related with the device asymmetry which
is the ratio of the forward and reverse current. Hence, the overall diode efficiency is

given by



Ndiode = NcNj- (1.6)

Having a self-biased rectenna that operates without any external bias, or a "zero-
bias" is another crucial factor. Moreover, in order to increase the collected power to
useful levels in practice, rectenna arrays are needed which result in more efficient
output DC power. The key performance metrics of a MIM diode can be determined
from its I-V characteristics. These are diode’s dynamic resistance (Rq), responsivity
(B), asymmetry (Ngsym or 1) and non-linearity (fvz) [3,6,12,16]. The dynamic
resistance, in other words, differential resistance (Ry) is calculated by differentiating

the current with respect to applied bias voltage which is expressed as follows

ar|™?!
The rectification ability of a diode is indicated by its responsivity (). In other words,
it is the ratio of the DC current generated from the incident AC power on the diode

and it is calculated by

3 lIH(V)
20 (W)

B (1.8)

The absolute ratio of positive (I*) to negative current (I7), or vice versa, at a specific

voltage, is defined as the asymmetry (7).

[r*| |1

=—or 1.9
LRTRTRNTEY (9
Lastly, the device non-linearity (fy;), measured as the ratio of static to dynamic
resistances, is another critical MIM diode parameter as shown in Eqn. 1.10. Nonlinear

DC I-V characteristics are necessary for efficient IR frequency rectification.

_dijfav _ v

faL = TRy (1.10)

As the MIM diodes are aimed to be used as THz rectifiers, their rectification
performance, especially the zero-bias dynamic resistance (Ro) and responsivity (Bo)

are the focus of interest. The performance of the rectenna devices for IR energy
harvesting can be enhanced by optimising the parameters provided by Eqns. (1.7)—
(1.10) from the DC I-V characteristics of the MIM diodes.



1.3 Other emerging THz rectifiers

There are other alternative structures for THz energy harvesting besides the tunnel
rectifiers such as plasmonic rectennas, Seebeck nano-antenna, graphene geometric and
metal-insulator-graphene (MIG) based rectifiers. These different types are discussed

in this section.
1.3.1 Plasmonic rectennas

One alternative candidate is known as plasmonic diode. Similar to the tunnel diodes,
it consists of a metal-insulator-metal (MIM) where the diode acts as a waveguide to
propagate light waves. In this structure, a MIM device is exposed to THz radiation,
which stimulates oscillating electron waves on one of the metal electrodes, known as
surface plasmons, as they move close to the metal's surface. As shown in Fig. 1.3 (a),
upon the illumination, the incoming photons excite the electrons in the metal electrode
to higher energy states (hot electrons) above the Fermi level and leave same number
of holes (hot holes) behind. Then, the excited electrons accumulate at the metal-

insulator interface.
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Figure 1.3. Basic schematics of energy conversion using hot electron injection. (a)
Energy band diagram of the MIM diode showing the hot electron injection over the
energy barrier. (b) A MIM diode under illumination having different hot electron

density between the top and the bottom electrodes [17].

The absorption of the excited plasmons in the top metal produces a high density of hot
electrons that can tunnel or inject over the barrier and generate current [17,18]. When

the absorption in one electrode is greater than the other, the DC current is produced as



shown in Fig. 1.3 (b). For an efficient energy conversion, the absorption needs to be

confined only in one electrode [17].

A specific type of plasmonic rectenna is a travelling wave diode (TWD) rectenna that
can be produced in the same manner as tunnel diodes by altering the design and the
process flow. The difference between a classical lumped element (planar) diode and a
TWD is shown in Fig. 1.4. A lumped element diode (Fig. 1.4 (a)), is placed between
the feed points of the antenna patches and the signal flows through the diode uniformly
via the propagation of the plasmonic waves between the patches. On the other hand,
the TWD effectively functions as a rectifying transmission line for the surface
plasmons. As shown in Fig. 1.4 (b), one side of the TWD element is placed between
the antenna patches and the energy accumulates at the antenna’s feed point when it is
radiated by incident electromagnetic waves. Hence, a coupled surface plasmon is
generated and propagates along with the MIM interface. There are two possible modes
of propagations which are symmetric and antisymmetric. In order to operate in the IR
region, the antisymmetric surface plasmon mode is used at the MIM interface.
Therefore, the electron tunneling is provided by the electric field confinement in the

insulator region which results in rectification [19].

Pelz et al. [19] developed a TWD made of double NiO/Nb2Os insulators sandwiched
between Ni and CrAu metals to show that the transmission line impedance can get
beyond the constraints of traditional lumped element MIM diodes' RC time constants

at optical frequencies.

(a) Lumped-element diode (b) Travelling-wave diode
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Figure 1.4. Basic schematics of (a) lumped element MIM rectenna, and (b) TWD with
the transmission line between the bowtie antenna patches and the device cross-section
showing the propagation of surface plasmons in an antisymmetric mode along the

diode interface [19].



In the suggested method, the antenna excites a surface plasmon wave, which then
travel down the extended MIM diode to produce a transmission line. As a result, the
MIM diode rectifies the propagating wave. This TWD structure exhibited a peak
response of 130 A/W and a detectivity of D* = 1.0 x 10* Jones (cmvHzW 1) in the

optical experiments which is a detector performance parameter and can be calculated

by

D* = ﬁsyS\/AAbS\/Rd/4kT (1.11)

where B, represents the system responsivity which is the DC output current for an
applied incident power, Ay, represents the absorption area of the rectenna, R, is the
diode resistance, k stands for the Boltzmann’s constant and T represents the
temperature [19]. These structures have the advantage of enabling the use of even
basic planar MIM devices as solar energy harvesters where the DC photocurrent is
generated by the hot electrons in the MIM device as opposed to rectennas which need
high-frequency rectification. In contrast to planar MIM diodes, the transmission line's
input impedance determines the impedance of the device rather than the capacitance
of the MIM diode. In other words, the capacitive lumped element MIM impedance is
no longer present because the antenna is rather integrated with a rectifying
transmission line, and the antenna perceives the input impedance of the transmission
line. As a result, the coupling efficiency (7.) calculated by Eqn. 1.2 no longer applies.
The . of a TWD is determined by [20]

_ 4RtwdRq
(Rewd+Ra)?+Xewa+Xa)?

N (1.12)

where Ry,,q and X4 represents the real and imaginary parts of the TWD’s input
impedance, while R, and X, are the real and imaginary parts of the antenna’s

impedance.

The efficiency of TWDs is currently lower than theoretically predicted values. Their
performance is primarily constrained by the plasmonic decay caused by the increasing

resistance of the metals at high frequencies.

10



1.3.2. Seebeck nano-antennas

Antenna integrated nano-thermocouple (ACNTC) rectifiers are being researched as an
alternative to tunnel diode rectifiers because of their potential for infrared (IR)
rectification through the Seebeck effect. The Seebeck effect is defined as the change
in temperature between two electrical conductors that causes a voltage difference
between the two materials. In several studies, it has been observed that there is a linear
relationship between the Seebeck coefficients (response of a material to a temperature
difference) of metals and the open circuit voltage (V,c) induced by the temperature

difference at the junction [21-28]. The V,. can be expressed as
Voe = (81— S,)(Ty, — T.) = AS.AT (1.13)

where S; and S, represents the Seebeck coefficients of the conductors, while T}, and

T, are the temperatures of the hot and cold junctions [22,26].

There are several different Seebeck antenna and junction designs in the literature
where the Seebeck effect was the dominant conduction mechanism rather than
tunnelling. One example of basic Seebeck nano-antenna schematic composed of two
different metals and a dipole antenna at the junction is shown in Fig. 1.5. In this design,
the dipole antenna collects IR electromagnetic radiation, which then cause the current
in the antenna to flow and heat the NTC's hot junction. The Seebeck effect is then used
by the NTC to transform the heat produced by the dissipated antenna currents into
detectable electric signals. The non-zero relative Seebeck coefficient (RSC) in NTCs
is either caused by the intersection of metals having different absolute Seebeck

coefficients or by cross-sectional discontinuity in single-metal thermocouples [26].

§ § Incoming radiation

Dipole antenna

i Metal 1 )

Hot junction

Cold junctions

Figure 1.5. Basic schematic of a dipole ACNTC [26].
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In terms of simplicity and cost effectivity, Seebeck nano-antennas are advantageous
since they do not require any insulating layers. They can also be integrated into array
structures. Bareil} ef al. [22] demonstrated the Seebeck thermal effect at 28.3 THz on
their fabricated individual and array type rectenna structures composed of Au and Ti
metals using e-beam lithography and lift-off techniques. It was found that there was
5.8 mK average temperature difference between the junctions. Also, a constant
correlation between the metals' Seebeck coefficient and the open-circuit voltage (Voc),
which is equal to the average temperature difference between the two junctions, was
observed. The authors mentioned that the detected Vo was relatively weak due to the
small difference between the Seebeck coefficients of Au and Ti and can be improved

using different metals with larger Seebeck coefficient difference.

Briones et al. [23] proposed a simulation based work on Seebeck nano-antennas in
order to demonstrate the optical to electrical energy conversation in mid-IR range.
They analysed two types of antenna structures which are square and Archimedean
spiral antennas those are shown in Fig. 1.6. They used Ti and Ni metals due to the
large difference in their Seebeck coefficients (Sni = -19.5 pV/K and Sti = 7.9 nV/K)
at the interface and as well as low thermal conductivities (kni= 90 W/mK and «ti =
21.9 W/mK) to optimize the thermal energy harvesting. The metals were located on a
silicon oxide half-space to provide thermal insulation. Around 215 mK and 340 mK
temperature difference with the corresponding generated low-voltage signals of 5.74
pV and 9.08 puV were reported for square and Archimedean spiral antennas,
respectively. The estimated DC power and the total harvesting efficiency for the
square antenna were reported as 1.7 aW and 4.8X107%, while they were 4aW and

3.4%10°% for Archimedean spiral antenna.

(a)

©)

500 nm

Figure 1.6. Schematic representations of the (a) square spiral and (b) Archimedean

spiral Seebeck nano-antennas [23].
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It was indicated that the response of the devices can be improved by decreasing the

effective thermal conductivity of the substrate.

Russer et al. presented a comprehensive experimental and theoretical work on dipole
antenna integrated single-metal nano-thermocouples (Fig. 1.7 (a)) for IR detection.
They fabricated an array (Fig. 1.7(b)) of ACNTs using 50 nm to 200 Pd metal wire
segments connected in series to increase the Voc. A linearly polarised 10.6 pm CO»
laser was used as the illumination source. They measured 0.86 pV/K relative Seebeck
coefficient. Also, according to their simulations, nano-thermocouples could have

picosecond response time being advantageous for THz detection [25].

(b)

Dipole-antenna Hot junction

#;

Figure 1.7. SEM image of the (a) single and (b) array from of the ACNTC structures
[25].

Szakmany et al. [27] also fabricated single-metal ACNTCs integrated with two
different primary and secondary dipole antennas over different cavities with the aim
of detecting 28.3 THz frequency. The device schematics, as well as an SEM image of
these structures are shown in Figs. 1.8 (a) and (b). The cavities were formed by etching
the Si substrates using focused ion beam (FIB) with the aim of increasing the
sensitivity of the ACNTC IR detectors. It was reported that the cavities prevent
unwanted cooling of the hot junction by thermally separating the antenna and the
substrate. Besides this, the detector sensitivity was substantially increased by the
cavity design due to the constructive interference of the incoming radiation reflected
back to the antenna. According to this study, the sensitivity of the ACNT IR detectors

can be enhanced 2 orders of magnitude with these modifications.
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(@) (b)

Cavity

s

Si

Figure 1.8. (a) Schematic representation, and (b) SEM image of the ACNTC structure
with the cavity [27].

Several promising results have been obtained from the above mentioned studies. These
include detecting a generated V. signal using the Seebeck effect as the conduction
mechanism, increasing the temperature difference between the hot and cold junctions
using materials having large Seebeck coefficient difference, designing different type
of antenna structures to improve the efficiency of the incident radiation, and altering
the substrate material to enhance the sensitivity. However, there are limiting factors
such as the type of the antenna, material choice and thermal losses in the metals which

requires further investigation of these structures.
1.3.3. Graphene geometric diodes

Graphene geometric diodes are another promising alternative for THz rectification due
to their planar structure with low capacitance and higher tolerance to large power
compared to MIM diodes. The resistance of these structures is also relatively low since
the monolayer graphene is a highly conductive material. Therefore, the relatively low
capacitance and resistance of the geometric diodes help to improve the impedance
match between the antenna and the rectifier. It has been reported that the RC time
constant of the geometric diodes can be lowered to 107'° s which makes them

promising for the THz operations [29].

The cross-section and the top view of a graphene geometric diode, proposed in Ref.
[30], are shown in Fig. 1.9. In this kind of structure, similar to other proposed devices,
a thermal oxide layer on the substrate material is used to ensure proper isolation and

the uniformity of the devices. Then, the metal layers are patterned and deposited using
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lithography, deposition and lift-off techniques. After that, a graphene monolayer is
grown on the metal electrodes and patterned by another set of nanolithography and
etching steps as shown in Fig. 1.9 (a). The geometry of the graphene monolayer grown
on the metal electrodes is shown in Fig. 1.9 (b). A funnel-like structure is seen on the
left (forward) part of the graphene layer, whereas a straightforward rectangle is placed
on the right (backward). The forward current is produced when charge carriers on the
graphene layer travel forward and cross the neck’s width. The vertical wall reflects
these charge carriers on their way back, which causes the backward current to be
substantially lower than the forward current. Therefore, the diode behavior and
consequently the rectification ability is provided by the asymmetry between the

forward and reverse currents.

(a) (b)

Vertical wall-_

“
< Backward

Metal fomvany [/ Neck width
Thermal oxide /' P

< Ballistic regime

s

Vertical wall

Figure 1.9. (a) Cross-section and (b) the top view of an example graphene geometric

diode [30].

Wang et al. [30] presented a CVD grown monolayer graphene based geometric diode
for THz rectenna applications with the aim of having reduced capacitance and
resistance to increase the device cut-off frequency (f:). They studied the effect of
different neck widths on the device performance. The maximum Sy and Ry were
obtained as 0.0628 A/W and ~5x10° Q, respectively for the 50 nm neck width.
According to the authors, this is the highest reported Sy for the graphene geometric
diodes which is still lower than more mature technologies. Compared to the
conventional MIM diodes, the AC to DC rectification ability of geometric diodes
depends on the asymmetric geometry of the graphene layer rather than the potential
barriers and the device junction. In another study, Araby ef al. [31] examined different

types of graphene based diodes integrated with antennas for harvesting IR energy.
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The performance of these devices may occasionally be constrained by the neck width,
which is the narrowest point in the device and where the potential barrier is located.
The efficiency of the charge transport depends particularly on the shape and size of
the neck width. Fermi velocity is the speed of charge carriers (such electrons and
holes) close to the material’s Fermi level. In a graphene geometric diode, the charge
carriers’ behaviour in the presence of a potential barrier depends on their Fermi
velocities and this can be another limiting factor for the performance of these
structures. This is due to the fact that a high Fermi velocity increases the possbilitiy of
charge carriers colliding with each other, or with the other defects, which could result
in energy loss and lower efficiency. The MFP is the typical distance a charge carrier
can travel before scattering when it collides with other impurities or defects. The
increased probability of scattering, as the charge carriers pass through the device, can
limit the efficiency of charge transport if the MFP length is relatively short compared
to the neck width. As a result, the overall efficiency of the device is affected [30].

1.3.4. Metal-insulator-Graphene (MIG) based rectifiers

Another novel graphene based approach is the metal-insulator-graphene (MIG) diode
for high frequency rectification. Hemmetter et al. [32], presented a one-dimensional
(1D) MIG integrated rectenna composed of Ti/TiO2/G layers on flexible polyimide
film for THz detection as shown in Fig. 1.10. In this design, the graphene layer is
encapsulated between the same type of oxide layers which works as an electrode. In a
MIG design, a thin insulating layer is sandwiched between the graphene and a metal
electrode. Therefore, the asymmetry of the device is determined by the difference
between the electrical properties of the graphene and the metal layer. It is also
mentioned that the reason of using TiO- as the insulating layer is the ease of depositing
high quality TiO> layer by plasma enhanced atomic layer deposition (PE-ALD) on the

graphene layer.

The effective junction area is given by the thickness of the graphene layer and the
channel width. As an advantage of this structure, the capacitance is reduced by forming
a 1D diode junction at the graphene edge which facilitates operation in THz frequency

range.
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Substrate material

Figure 1.10. 1D-metal-insulator-graphene (MIG) diode [32].

The proposed device could operate up to 170 GHz frequency and exhibited a
maximum responsivity of 80 V/W at 167 GHz with a noise equivalent power (NEP)
of 80 pW/VHz in free space measurements under ambient conditions [32]. The NEP
is calculated using the voltage noise (V},;s¢) and the responsivity (87y,) at a specific

frequency and expressed as

NEP = Vnoise/ﬂTHz (1.14)

Compared to MIM diodes, the MIG devices exhibited a higher responsivity and
reduced junction capacitance due to the 1D graphene channel. As another advantage,
they can be fabricated on flexible substrates. However, the current optical tests have
been done at a relatively low frequency of ~170 GHz. Further improvements in these
devices is necessary to function effectively at 28.3 THz. This could be done by
changing the oxide material, reducing its thickness or introducing multiple insulator
structures instead of single oxide layer and replacing the top metal electrode. Thus,
the MIG barriers may be engineered for having a better coupling efficiency at higher

frequencies such as 28.3 THz.
1.3.5 Multiwall carbon nanotube (MWCNT) rectenna devices

Carbon nanotube tunnel diode arrays are another scalable contender for high
frequency applications. As shown in Fig. 1.11, the device architecture consists of an
array of vertically aligned multiwall carbon nanotubes (MWCNTs) coated with a thin
insulating layer using ALD, followed by the top metal electrode deposition. At each
MWCNT tip, a MWCNT-insulator-metal (MWCNT-I-M) structure is formed and the
area of the tip determines the diode junction area. Considering the extremely small

diameter of the CNTs (~10 nm), the diode area, consequently the capacitance can be
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dramatically reduced which is an advantage for the THz operations. On the other hand,

the main constraint of these devices is the extremely high diode resistance.

According to the preliminary results, a single MWCNT-I-M exhibited a dynamic
resistance of ~1TQ, which is equal to an overall resistance of 7.5 kQ ¢cm? considering
~10' diodes per area [33]. In another study, Shah et al. [34] managed to reduce the
resistance down to 100 Q cm? by altering the MWCNT tip junction, as well as using

various top metal electrodes and reducing the insulator thickness.

Al or Ag (50 nm)
A
Oxide-coated MWCNT

C Ti(100nm)
SiO; (300 nm)

Si substrate

Figure 1.11. Device schematic of a MWCNT-I-M diode array [35].

Anderson et al. [35] presented a MWCNT-I-M tunnel diode using Al and Ag metals
together with double-insulator A1, O3/HfO, layers to improve the diode performance
metrics with the aid of resonant and step tunneling. The fabricated devices were tested
using two different laser sources having wavelengths of 1064 nm and 638 nm which
pass through a diffuser and generate stable illumination. A responsivity of 7.6 V/W
was reported from the optical measurements which makes these devices a potential
contender for photodetection applications. Additionally, they further reduced the

dynamic resistance of these diodes ~75% compared to the previous structures.

In a more recent study [36], the performance metrics of the CNT based rectennas were
aimed to further improve using a quad-insulator layer between the CNT and Al
electrodes. The device schematics, SEM image of the structure and energy band

alignment of the Al203/ZrO2/Al203/ZrO; layers are shown in Fig. 1.12.

It was mentioned that the proposed quad-insulator structure has a more complex
tunnelling behavior compared to double insulator structures and various conduction

mechanisms can be seen at different biases. On the other hand, very high asymmetry
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(n =245 at 0.8 V), as well zero-bias responsivity (fy = 4.3 A/W) were obtained from
the DC I-V measurements. However, the Ry of the device was reported as 107 Q cm?

which is much higher than the previous configurations.

Oxide coating
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Figurel.12. (a) Schematic of CNT rectenna design, (b) SEM image of the CNT array
structure, and (c) energy band diagram of the quad-insulator Al2O3/ZrO2/Al203/ZrO;
layers [36].

In the most recent study [37], they obtained 0.65 nA/W optical responsivity at 638 nm
wavelength by altering the previous design. The process flow of this method is shown
in Fig. 1.13. In the new structure, Polydimethylsiloxane (PDMS) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) polymer layers act as
the bottom and top electrodes, respectively. Also, a new combination of Al>O3-HfO»-
Al>,03-HfO; quad-insulator layers are sandwiched between these electrodes. However,
it was mentioned that the Ry of this structure is also too high which was around 0.1—

1.0 MQ cm?.

(a) (b) (©

Polymer Lift-off of polymer Exposed
VAGNT . infiltration PDMS or epoxy infiltrated VACNT ONT fips

array on foil p:
r— ﬁ — -
: = . ‘ polymer-VACNT composite
(f) Deposit top (e) ALD of (d) Device
PEDOT:PSS SleciToas AlLO, or HfO, oxide layer patterning

L\ VAMAR. - ““\

. \maee. A SSS =

Figure 1.13. Process flow of CNT diodes showing (a) VACNT array on metal foil, (b)
infiltration of VACNTSs with polymer or epoxy, (c) removal of polymer infiltrated
VACANT from foil, (d) device patterning, () oxide deposition, and (f) top electrode
deposition [37].
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The high zero-bias resistance of these structures seems to be the main challenge and
must be improved to be able to operate at 28.3 THz frequency. Besides this,
considering the manufacturing complexity of these structures, MIM tunnel diodes

currently look more promising in terms of device performance and ease of fabrication.

It is evident from the number of research on the MIM tunnel rectifiers that despite
being an emerging technology, it is more mature than the other THz rectifier types.
Apart from this demand, current state-of-the art MIM diodes are more efficient in
terms of rectification performance at 28.3 THz. Plasmonic diodes, such as TWD and
graphene geometric diodes, are mainly attractive due the possibility of reducing the
diode capacitance and the resistance to improve the coupling efficiency. For the
TWDs, this is done by omitting the capacitive lumped element MIM structure and
using the input impedance of the transmission line to have a better match with the
antenna element. The best achieved DC rectification performance of Ry = 380 Q and
po=0.46 A/W was obtained using a Ni/NiO/NbOs/CrAu TWD [19], but it is also
mentioned that the overall performance of the rectenna is still suffering due to the poor
absorption efficiency. Besides this, the primary factor that is limiting the efficiency of
these devices is the plasmonic decay caused by the increasing resistance of the metals
at high frequencies. Currently, the TWD efficiency is less than the theoretical

predictions.

Graphene geometric diodes are also aiming to improve the impedance match, as well
as to increase the RC time constant by taking the advantage of the graphene properties.
This is because the resistance of these structures is relatively low due to the high
conductivity of the graphene layer. The highest achieved Sy was found to be 0.0628
A/W with a Ry of ~5 kQ [30] where the fyis considerably lower than the values
obtained using MIM diodes. Another disadvantage of these devices is the fabrication
complexity which needs additional graphene growth techniques such as chemical

vapour deposition (CVD).

Another graphene-based technology is the 1D MIG diode. Similar to the TWD and
graphene geometric diodes, this structure has the benefit of lower capacitance that
facilitates operations in the THz frequency range by creating a 1D diode junction at
the graphene edge. The maximum reported S of 80 V/W was obtained from the optical
measurements at 167 GHz using a Ti/T102/G diode stack [32]. Although this is a very
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high responsivity, the cut-off frequency of the device still has to be improved to

operate at 28.3 THz.

As another alternative, ACNTCs are being investigated due to their potential to
generate DC current utilising the Seebeck effect between two different electrical
conductors. As they do not need any insulating layers, ACNTCs are advantageous in
terms of cost effectivity and ease of fabrication. The antenna type, material choice and
thermal losses are the limiting factors of the ACNTCs. There are several studies
focused on designing the most efficient antenna structures, fabricating arrays and
optimising the thermal energy conversion using metals having a larger Seebeck
coefficient difference. However, the obtained results are not yet comparable with the

MIM diode’s performance metrics.

Finally, MWCNT rectenna is another emerging type that consists of a MWCNT-
insulator-metal (MWCNT-I-M) diode structure. These structures aim to reduce the
diode capacitance using CNTs having very small diameters (~10 nm) as the bottom
electrodes. However, they currently suffer with very high diode resistances which is a
critical disadvantage for THz operations. For the above-mentioned reasons, as the

most promising type, MIM tunnel rectifiers are the main scope of this thesis.
1.3 Thesis outline

The motivation of this thesis is to study the performance of several MIM tunnel
rectifiers to pave the way for IR energy harvesting by developing optimised nano-
rectenna devices. In this scope, a background information of THz/IR nano-rectennas
has been given with the explanation of the main performance metrics of MIM diodes
in Chapter 1. Besides the tunnel rectifiers, several other emerging nano-rectenna
structures including plasmonic, Seebeck, graphene geometric, MIG and MWCNT
based rectennas have been introduced and their performance metrics were compared

with the MIM diodes. The outline of the thesis is as follows.

Chapter 2 reports a detailed literature review on the MI"M diodes including typical
materials used in the diode fabrication, a comparison of state-of-the-art devices in the

literature and several design considerations of the THz rectifiers.
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In Chapter 3, typical conduction mechanisms in MIM diodes are studied including;
Schottky emission (SE), Poole-Frenkel emission (PF), direct tunnelling (DT), Fowler-
Nordheim tunnelling (FNT), Resonant tunnelling (RT) and Step tunnelling (ST). In
addition, the working principles of an in-house MATLAB model that has been used
to generate the current voltage (I-V) characteristics of MI"M diodes, as well as to
observe the RT states are explained. Lastly, a circular patch dipole antenna design and

simulations for 28.3 THz frequency in CST Studio software are presented.

Chapter 4 describes the experimental methods used in this work which includes the
details of material deposition, device patterning via shadow mask and
photolithography processes, and the characterisation methods; (i) Variable Angle
Spectroscopic Ellipsometry (VASE), (i) X-ray photoelectron spectroscopy (XPS),

and (ii1) current voltage (I-V) electrical characterisation.

In Chapter 5, a sub-band gap analysis has been done on thermal SiO/Si wafers with
the aim of observing potential defects in SiO. gate oxide layers for Si power
MOSFETs. Besides this, VASE measurements have been used to measure the
thickness, film uniformity, optical constants, as well as the band gap (Eg) of RF
sputtered thin films. Moreover, a VASE analysis has been done on TiO: thin films
prepared using plasma-enhanced (PE) and thermal atomic layer deposition (ALD).
The extracted band gaps have been compared with the sputtered TiO> films in this
work. XPS measurements have also been performed on the sputtered metal oxide thin
films to understand the film quality, stoichiometry and to extract their electron
affinities (). Additionally, possibility of Poole-Frenkel (PF) and Schottky Emission
(SE) conduction mechanisms have been checked in Al,O3; based MIM rectifiers to find

the dominant conduction mechanism in the MIM diodes.

Chapter 6 demonstrates novel single (MIM) and triple (MI°’M) metal-insulator-metal
diodes fabricated by shadow mask evaporation, atomic layer deposition (ALD) and
radio-frequency (RF) sputtering. Several insulators (Al,O3, ZnO, Ta>Os, Nb2Os) have
been studied in different MI"M configurations. In addition, the resonant tunnelling was
observed in MI°M structures and modelled using the in-house simulation tool. The
fabricated MI°M devices show state-of-the-art rectification parameters and are the best

published to date.
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Chapter 7 presents the feasibility of three metal oxide thin films (TiO2, ZnO, and NiO)
to be integrated in rectennas operating at 28.3 THz. The obtained physical
characterisation parameters were used in fitting the experimental [-V data and used to
make a reliable assessment of the MIM diode performance in an IR rectenna. A
projected coupling efficiency at 28.3 THz of 2.4 x 10 % has been demonstrated for
ZnO based MIM rectifier which is 6 orders of magnitude higher than in previously

demonstrated state-of-the-art ZnO based devices.

In Chapter 8, a summary of this thesis is given with future research suggestions on
how to further optimize the MIM structures for an efficient THz rectenna operation.
This includes the process flow of how to fabricate nano-scale rectennas via an
advanced nano-fabrication tool (NanoFrazor) which is a thermal scanning probe

lithography technique.
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Chapter 2



2. Literature review on MI"M (n = 1, 2, 3) rectifiers
2.1 Material selection and design considerations

The first and the fundamental step of engineering MIM diodes and optimizing these
structures is to choose the correct material combinations since the electrical
characteristics of a diode are controlled by the choice of materials for both the insulator
and the metal. A review of oxides and metals commonly used for MIM diode
fabrication is presented in section 2.1 in detail. Then, the state-of-the-art MI"M devices
in the literature have been listed with their associated performance metrics in section
2.2. Lastly, the design considerations, as well as the challenges in fabrication of these
devices have been explained together with efficiency predictions. The outcomes of
this chapter have been presented in the review paper by Mitrovic ef al. [1] in
Materials 2021, 14(18), 5218, and I have contributed to the paper as a corresponding

author.
2.1.1 Typical oxides used in MIM diodes

The band gaps of typical oxides used in the design and fabrication of MIM diodes are
shown in Fig. 2.1.
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Figure 2.1. (a) Band gaps of typical oxides for MIM diodes. Full details are provided
in Table 2.1 [1].

30



Table 2.1 also includes a complete set of information regarding the material properties.
It has been observed that the reported measured values of the oxide band gap (Table
2.1) depend on the stoichiometry and structural characteristics (amorphous,

crystalline, and polycrystalline) of films made using various deposition processes.

As shown in Table 2.1, amorphous Al>Os3 thin films made by atomic layer deposition
(ALD) [2] or molecular beam epitaxy [3] have a band gap of about 6.4 eV, but non-
stoichiometric AlOx deposited by radio frequency (RF) sputtering has a narrower band
gap of 5.95 eV [4]. Another example is that the band gap of crystalline NiO was
reported as 4.0 eV [5], however a more recent work measured a band gap of 3.4 eV
for a 2 nm plasma oxidized NiO film [4]. It is also important to note that the variation
of £0.25 eV in the band gap values reported in Table 2.1 may also be caused by
tolerances in using various characterization techniques; for example, for Ta>Os, 4.2
eV from ultraviolet-visible (UV-vis) absorbance spectra [6] as opposed to 4.4 eV
measured by reflection electron energy loss spectroscopy [2] or variable angle

spectroscopic ellipsometry [7].

Similar to the band gap analysis, a range of electron affinity () values of the oxides
commonly used in MIM diode fabrication are compared in Fig. 2.2 and the detailed

reported values are summarized in Table 2.1.
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Figure 2.2. (a) Electron affinities of typical oxides for MIM diodes. Full details are
provided in Table 2.1 [1].
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It is important to keep in mind that the wide variability in published values for the
electron affinities of AlbOs3, NiO, ZnO, Co0304, and Cr0;3 are likely due to the
variations in fabrication conditions, as well as the measurement methods. For example,
in comparison to previously published results on similarly fabricated NiO-based MIM
diodes, a recent study [4] demonstrates a scaled (0.025 pm?, Ni/~1.5 nm NiO/CrAu)
MIM diode with a significantly lower Ry ~ 630 Q and a Sy of 0.41 A/W, where the
oxide is prepared by plasma oxidation. However, a comparable structure with a
significantly larger area (1.45 um?, Ni/3 nm NiO/Cr) processed by Krishnan et al. [8],
where the oxide is again grown by plasma oxidation, exhibited an Ry of 500 kQ.
Another similar structure (Ni/NiO/Ni) was fabricated by Choi et al. [9] with a 4 nm
thick plasma oxidised NiO layer and a highly reduced device area of 0.018 um?. The
measured Ry of this diode is 42.4 MQ which is ~4 orders of magnitude larger than the
one in Ref. [4] with a comparable £y of 0.41 A/W. In one of our recent studies [10],
we also fabricated a NiO based MIM diode (CrAu/~6.8 nm NiO/CrAu) having 1 pm?
device area where the oxide was RF sputtered. The resulting Ry has been measured as
461 kQ which is in agreement with the observed values in Ref. [8], while fy was found
to be relatively improved to 0.76 A/W. The details of these results are explained in
Chapter 7. The extremely low Ry in Ref. [4] has been attributed to the very small
barriers between the Ni/NiO (0.1 eV) and CrAu/NiO (0.07 eV) interfaces by finding
these values from the simulated I-V curves of the MIM diodes using the hypothetical
band diagram values in order to match the experimental I-V results. According to the

theoretical I-V curve in Ref. [4], NiO has an y of 4.8 eV, however in Ref. [11], a

similar NiO film grown by plasma oxidation has an estimated y of 2.05 eV.

Despite the fact that this method is frequently used in the literature, it results in a wide
range of values for the metal/oxide barrier heights that conflict with those obtained
from the physical characterisation of the related thin films, making it challenging to
interpret the results. According to the other data that has been generated [12,13] using
ultraviolet photoelectron spectroscopy (UPS) and X-ray photoemission spectroscopy
(XPS) techniques, NiO's y has been found to be 1.46 eV for the oxidised pure Ni
targets with a laser vaporization cluster source [25], whereas for as-deposited NiOx
the ¢ has been measured as 2.1 eV [26]. These results unequivocally show that the
electron affinity, as well as the band gap of NiO can vary depending on the surface

treatment and the measurement method.
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This uncertainty in the material properties of most common oxide contenders has been
studied in the scope of this thesis. Depending on the surface conditions, changes in the
work function and the electron affinity can be >1 eV for metals and semiconductors.
It was mentioned by Weerakkody et al. [4] that the formation of electronic dipoles at
the surface is most likely to be responsible for these variations, which alter the minimal

energy required for an electron to leave the sample.

Table 2.1. Physical properties of metals and oxides: work function, electron

affinity and band gap.
Work Function . Electron Affinity, y Band Gap, Eg
Metal (V) Oxide (V) (V)
. 4.9 [14,15], 4.99 [16], . 1.46 [12],2.05[13],3.0
Ni 5.04-5.35 [17] NiO [18], 4.8 [4] 3.4 [4], 3.8 [18], 4.0 [5]
4.00 [14], 4.8 [16], 1.57 [20], 2.58 [21],
Co 5.00 [19] ALO; 3.50 [22] 5.95[4], 6.4 [3,23]
A 4.26 [20,24],4.33 [15], 710 3.6-3.7[25],4.3-4.5 3.2 26], 3.38 [6],
J 4.7 [14] [6],4.6 [18] 3.4 [18]
4.5 [14,15], 4.63 [16], . 3.05[27],3.2[18],3.3
Cu 4.65 [24] Ti0, 3.9[18,27] 28]
4.8 [14], 5.1 [24], —
Au 5.28 [15] CuO 4.07 [29] 1.2-1.8 [30]
3.2[27],3.3[18],3.54 | 4.17[6],4.4[2,27],4.45
Al 4.2[14,31],4.28 [20,24] | Tax0s [20,32]3.75 [6] 7]
W 4.5[14,33], 4.8 [16] Nb,Os 3.72 [20], 4.23 [23] 3.71[7], 3.8 [2]
4.2[14],4.4[16],
Mo 4.6 [24] Cr203 3.164.05 [23] 3.2 [34], 3.24 [35]
Zn 4.3 [14,24] Co0304 3.05-4.05 [36] 2.10[37]
Pd 5.0 [14], 5.12 [15] SiO; 0.9 [18,27] 8.8 [2],9.0 [18]
Pt 5.3 [14], 5.65 [24] HfO; 2.2 [18], 2.25 5.6 [2], 6.0 [27]
4.0 [16], 4.4 [14],
Cr 4.5 [24] V105 7.1 [38] 2.36 [39]
Ta 4.1[14,16], 4.25 [24] Sc;03 | 2.06 [40], 1.98-2.5 [41] 5.7-6.0 [40]
Nb 4.1[1],4.3 [24] - - -
v 4.44 [42] - - -
Ti 3.7[16],4.1[14], ) ) i
4.33 [24]
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2.1.2 Typical metals used in MIM diodes

Figure 2.3 and Table 2.1 display a variety of typical metals that have been employed
in the manufacturing of MIM diodes together with the work function values that have

been reported in the literature.
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Figure 2.3. Work functions for typical metals used in a rectenna [1].

Co, Cr, and Ti have the lowest values, while a wide variety of values have been
reported, particularly for the first two metals. In addition, ZCAN (ZrCuAlINi) and
TiAl; [23,31,43] metallic thin films having multiple components, as well as
conductive oxides such as indium tin oxide (ITO) and SrRuO3 (SRO) and nitrides

including TiN and NbN [44] can also function as electrodes in MIM diodes.

Another factor is that, metal conductivity decreases at THz frequencies. Therefore, the
skin effect should be taken into account while fabricating rectennas for THz
rectification. Equation. 2.1 is used to compute the skin depth (&) for any metal [1]. To
retain good conductivity in the metal at a high-frequency regime, the thickness of the

metal should be ~ 5 times the skin depth value,

8§ = (p/mfuotr)"? 2.1)

where p is the metal's resistivity, u, is the metal's relative magnetic permeability, y,,

is the vacuum's magnetic permeability, and fis the frequency of operation.
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As shown in Fig. 2.4, the § for typically metals utilised in rectennas that can function
at 28.3 THz were determined using p and p, reported in Refs. [21-26]. It is obvious
that Ni has the lowest 6 value, and some of the earliest rectennas have been

demonstrated using NiO based diodes integrated with Ni Bowtie antennas [45,46].
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Figure 2.4. Skin depths of typical metals to operate at 28.3 THz [1].

However, compared to the challenges in MIM rectifiers, § can be considered as a
minor issue to overcome. This could be done by depositing an extra metal layer on the

antenna regions suitable for specific frequencies to reduce the effect of the §.

2.2 State-of-the-art devices

In order to provide readers a better idea regarding the applicability of MIM diodes in
IR nano-rectennas, this section provides an overview of DC rectification parameters

in single, double, and triple insulator MIM configurations.
2.2.1. Single insulator MIM diodes

As shown in Fig. 2.5, numerous MIM diodes with various metal/oxide
combinations have been fabricated and tested. The details of these diodes including
the material selection, fabrication methods, device combinations, oxide thicknesses,

device areas and the performance metrics are also summarized in Table 2.2. As seen
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in Fig. 2.5 and Table 2.2, NiO and Al,O3 based devices have attracted the most

research attention.
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Figure 2.5. (a) Responsivity and (b) dynamic resistance for various MIM diodes. Full

details are summarized in Table 2.2 [1].

Proof-of-concept studies by Wilke et al. [45] and Fumeaux et al [46]
initially demonstrated how to fabricate highly scaled diodes having 0.056 um? and
0.012 pm? device areas, respectively based on NiO and integrated with dipole,
bowtie, and spiral antennas. The electron microscope images of these three different
structures are shown in Fig. 2.6. Despite the fact that they made the first demonstration
of the operation of thin-film diodes as rectifiers at 28 THz radiation, there were
problems with efficiency and reproducibility of the fabrication process in addition to

low device responsivities.
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(b)

Figure 2.6. Electron microscope images of (a) dipole, (b) bowtie and (¢) spiral rectenna

structures [45,46].

In a later study, waveguide-integrated near-IR detectors composed of a multilayer
Ni/Au stacks and NiO insulating layers were fabricated by Hobbs ef al. [47]
and achieved enhanced responsivity, as well as improved quantum efficiency ~6%.
Choi et al. [9] used the geometric field enhancement method in a Ni/NiO/Ni based
rectenna to reduce tunnelling resistance and increase the amplitude of the output AC
signal. This diode's responsivity was higher than what had previously been reported.
Several other metals including Ag [48], Pt [49], CrAu [8,50], Cu [51], and Mo [11]
have also been used to fabricate NiO-based diodes. Ni/CrAu electrodes were used to
produce a very sensitive diode by Krishnan et al. [8] that had a 1.45 um? device area.
The devices exhibited a Sinax 0f 2.5 A/W at 0.1 V and a Ry of 500 kQ. Zhang et al. [51]
produced diodes with a scaled device area of 0.008 um? by combining Ni/Cu nanorods
as electrodes and thermally oxidized 2-12 nm NiO which resulted in a S of 3.65
A/W at 0.1 V, but also a very high Ry of 1.2 MQ. The schematic representation of this
Ni/NiO/Cu diode fabrication process on the anodic aluminum oxide (AAO) substrates

including metal electrodeposition and native oxidation are shown in Fig. 2.7.

In another study [48], it was shown that the S could be improved up to 4.25 A/W
using the same deposition method for 6 nm NiO and replacing Ni/Cu with Ni/Ag
electrodes. When Ni/Mo electrodes were combined with plasma oxidized NiO
thin films on flexible substrates, Kaur et al. [11] observed that the dynamic resistance
can be decreasedto 6 k€. As another approach, Ni/NiO/Au diodes
prepared using Langmuir-Blodgett technique have been reported to exhibit extremely
high sensitivity (S = 2x) of 35 V! and resistivity of 100 at 0.6 V [52]; however, zero-

bias values of these devices were not reported.

37



(b) @
) BCH

Figure 2.7. Fabrication steps of MIM diodes including (a) AAO substrate, (b) Au layer

Cu
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deposition, (c) Ni electrode deposition, (d) NiO native oxidation and (e) Cu electrode

deposition [51].

The best performance with the single insulator based diodes was demonstrated by
Weerakkody et al. [4] utilizing Ni/~1.5 nm NiO/CrAu configuration with a device area
0f 0.025 um?. They reported a 77, of 0.29% due to a much lower Ry (~630 Q) in contrast
to previously observed values on comparable diodes which was also mentioned in

section 2.1.1.

As reported in Table 2.2, another oxide candidate for THz energy harvesting
applications is Al,Os. A slot-antenna with integrated Al/Al,Os/Pt diode has been
shown by Kinzel et al. [53] having a Ry of 124.6 Q. A dipole antenna-
coupled, AI/Al,O3/Pt  based detector  processed with  electron  beam  (e-
beam) lithography and shadow mask evaporation was developed by Bean et al. [54].
The specific detectivity of this device (2.15 x 10° cmHz">W') at 28.3 THz radiation
was found to be higher than the performance of an IR detector based on Ni/NiO/Ni (1
x 10% cmHz">W™") [55]. Table 2.2 shows the summary of the device area, oxide
thickness, and deposition method for state-of-the-art MIM diodes as well as their

rectification properties.
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Table 2.2. List of the rectification parameters for state-of-the-art MIM diodes,

including the device area, oxide thickness, and deposition method.

. Po | Pmax| Ro Area [Thickness . .
Oxides| Metals (AWAW)| (Q) n (um?) (nm) Deposition Technique
Ni/Ni [45] - 0.8 | 200 - 0.056 3.3 Sputtering
Ni/Ni [46] - - 100 - 0.012 ~3.5 Sputtering
Ni/Ni [55] - 10.825] 180 - 0.075 3.5 Sputtering
Ni/Ni [58] - 0.5 |~4.6k - 0.01192 2.5 Plasma oxidation
Ni/Ni [9] —0.41|-2.65|42 M - 0.018 <4 Plasma oxidation
Ni/Au [59] 2.8 | 4.56 - - 0.64 2.2 Plasma oxidation
NiO Ni/Au [52] - 17.5 - [22at0.6 V4.4 x107 2.64.2 | Langmuir-Blodgett
Ni/Ag [48] 2.9 14.25 - [4.7at1.0VB3.1x10* 6 Thermal oxidation
Ni/Pt [49] -1.5]-6.5 - - 0.075 1-2 Native oxidation
Ni/CrAu[8] | 0.5 | 2.5 |500k - 1.45 ~3 Plasma oxidation
Ni/CrAu [50] - - - |6at02V 100 5.5 Plasma oxidation
Ni/CrAu[4] | 0.41 - 629 - 0.025 ~1.5 Plasma oxidation
Ni/Cu [51] - |3.65]12M - 0.008 12 Thermal oxidation
Ni/Mo [11] - - 6k - - 2.4 Plasma oxidation
Al/Al [49] 0.05 | -0.7 - - - 1-2 Controlled oxidation
Al/Ni [49] 0.25] 0.5 - - - 1-2 Controlled oxidation
Al/Ti [49] 03] 1.0 - - - 1-2 Controlled oxidation
Al/Pt [49] 0.5 ] 0.65 - - - 1-2 Controlled oxidation
Al/Pt [60] 0.5 |2.25 - - 0.0025 | 2-2.5 Controlled oxidation
ALOs;| Al/Pt[54] |-0.64| 2.4 |312 M - 0.004 1-2.5 O, exposure
Al/Pt [53] - - 125 - - 1-2 O, exposure
Al/Ag [56] 9.0 | 9.0 | 27k [1.2 at 0.6 V|1,760,000 - Plasma oxidation
Au/Mo [57] 94 | 94 |113k - 1.0 ~6 Sputtering
Au/Auf6l] | 0.1 | 2.3 |83 M|1.3at1.2 V| 10,000 3 ALD
AwTi[22] [0.44|1.25 |98k - 0.04 * 1.5 ALD
AwTi[61] |-0.6| 5 [35M]|1.7atl.5V| 10,000 3 ALD
Al/Gr [62] - - 600 [2500at1V - ~3 Thermal oxidation
AlOy ~220
Al/Pt[63] |~0.15|-1.2 K - 0.0056 *| ~2nm O, exposure
TiO, Ti/Pt [64] 2751 7.5 ~1k5 0 - - - Plasma oxidation
Gr/Ti [65] - - - 9000at1V|] 12 - Thermal oxidation
NiOx |  Ni/Cr [66] - 55 [I5S7TM 400 7 Sputtering
Ti/Pt[67] |0.125] - |12k - 90,000 4 ALD
Zn0 AuCr/Ni [68] - 16 S |12 a{}O,78 100 ~4 Langmuir-Blodgett
V105 V/Al[42] - 1426]20k - 4.0 3 Sputtering
V/V [69] - |-1.18[13.4k - 4.0 1.45 Sputtering
PolySi/Au [70] |~1.25|-7.25][120M| 5at 04V | 0.35 1.38 |Boiling water oxidation
510, Poly?;/f]oly& ~1.5|-15.5] - - 6 %107 - Boiling water oxidation
Nopt72] | - |10 | - PO as030#| 15 | Anodic oxidation
szOs
Nopt[73] | - [8as| - |T700003 a0 | s Anodic oxidation
CuO | Au/Cu[74] 2.0 | 3.0 | 500 - 0.004489| 0.7 ALD
TiO, Ti/Pd [11] - - 100k - - 3 Plasma oxidation
Cr0s| AWCr[75] | - | 40| - : : 5 Electron beam
evaporation
HfO, | Au/Pt[76] - |3.29] 405 - 4.0 6 ALD
Sc,03|  AVAIL[77] 1.0 | 2.7 1960k |1.3at1.2 V] 10,000 3 Sputtering

* Device area calculated based on stated dimensions.
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Among the Al,O3 based MIMs, the Al/Ag [56] and Au/Mo [57] metal electrodes
provided the maximum observed Sy of ~ 9 A/W. A bowtie nano-antenna paired with
an Au/AlO3/Ti diode was utilized by Jayaswal et al. [22] to develop a 28.3 THz
rectenna. The bowtie rectenna composed the Al,Os layer sandwiched between the Au
and Ti antenna patches, as well as the device cross-section are shown in Fig. 2.8. They
achieved an overall efficiency of 2.05 x 107'* with a 9 of 0.44 A/W and a Ry of 98
kQ.

Au

Figure 2.8. (a) 3D image of the fabricated MIM diode integrated rectenna, and (b) the

device cross-section [22].

Several studies of non-stoichiometric MIMs based on AlOx [62,63], TiOx [64,65], and
NiOx [66] have been done, and in these studies, the fabrication parameters have been
modified to control the oxide thickness and, as a result, to improve the performance
metrics such as higher fpand lower Ry. Shirawastava et al. [62] obtained an extremely
high asymmetry (7 = 2500) and low Ry using graphene (Gr) based Al/AlOx/Gr diodes.
Also, an AI/AlOx/Pt diode coupled to a dipole antenna has been shown to have an IR
detectivity of 9.65 x 10° cmHz!>W~! [63].

Other oxides, including ZnO [67,68], V205 [55,69], Si02 [70,71], Nb2Os [72,73], CuO
[74], TiO2 [11], Cr203 [75], HfO2 [76], and Sc203 [77], have also been studied for
utilising in THz MIM rectifiers. Fabrication of planar-type MIM tunnelling diodes has
been facilitated using e-beam lithography and boiling water oxidation methods,
resulting in high diode sensitivity of -31 V! for Poly Si/PolySi [71] and 14.5 V! for
PolySi/Au [70] electrodes, but with an excessively high Ry (in MQs). For Nb/Nb>Os/Pt
[73] and Gr/TiOx/Ti [65] diodes, very high asymmetry values of 7700 at 0.5 V and
9000 at 1 V have been observed, respectively. However, no f and Ry information

were provided for these devices. A Au/0.7 nm CuO/Cu diode with £y =2 A/W and
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Ro =500 Q was demonstrated by Gadalla ef al. [74]. A comparably low Ry (405 Q)
has been accomplished using a Au/6 nm HfO,/Pt diode [76].

In summary, although some diodes exhibit excellent responsivity, they also have high
dynamic resistance, which is unfavourable for IR energy rectification. Using multiple
insulators is an alternative strategy for improving the MIM diodes' figures of merit;

this strategy is covered in the next section.
2.2.2. Multiple insulator MI"M diodes

The use of multiple insulator diodes (MI"M) in a rectenna system can increase the
nonlinearity of the I-V characteristics and subsequently improve the performance of
the THz rectifiers [78]. Resonant tunneling (RT) and step tunneling (ST) are two
quantum mechanical tunnelling mechanisms that enable MI"M diodes to have a high

responsivity while maintaining a low resistance [7,20,61,79].

RT is a quantum mechanical conduction mechanism in which an electron can tunnel
through an energy barrier between two regions of a semiconductor or dielectric
material with the aid of a quantum well. In RT, a quantum well within the potential
barrier act as a resonant energy state, allowing the electrons to tunnel through the
barrier easier than standard tunnelling mechanisms. The electrons can tunnel through
the barrier if their energies match the quantized energy levels of the quantum well.
Hence, this can lead to a current-voltage (I-V) characteristic with lower differential
resistance, as well as improved asymmetry and responsivity which is critical in a

variety of high-frequency applications [7,20].

Similar to RT, ST occurs when semiconductor or insulator heterostructures stacked on
top of each other and create a potential step at the interface between the layers. In this
configuration, a step reduction in the tunnel distance occurs under an applied bias.
Hence, the tunnelling starts to occur via only the wider band gap insulator layer. This
makes it possible for the double insulator tunnel barriers to tune the I-V asymmetry
and nonlinearity [31]. The detailed working principles of RT and ST are explained in
Chapter 3. It should be noted that there is a limited number of publications on the
benefits of these conduction mechanisms in nano-rectenna applications which are

summarized in this chapter.
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The responsivity and zero-bias dynamic resistance values of double MI>M and triple
MI’M insulator diodes are displayed in Fig. 2.9. Table 2.3 includes a complete
summary of the rectification characteristics, area, and deposition method of these
diodes. It is clear that lower band gap oxides, such as HfO» [31,80], Ta,Os[7,23,81],
Nb20Os [7,20], and most recently NiO [4,82], have been investigated in combination
with Al,O3; which is one of the important MIM oxide candidates especially due to its
lower dynamic permittivity at 28.3 THz which will be explained in detail in the next
section. In addition, NiO has been utilised in combination with other compounds such
as TiO, [17], NbOs [83], and ZnO [66]. In more recent studies, TiO2 MI*M diodes
with ZnO [84], TiOx [85], and Co304 [19] were also investigated, and so are the films
with nitrogen-doped TiO; and Al20O3 such as a Pt/NTiOx/NAIOx/Al diode [86].
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Figure 2.9. (a) Responsivity and (b) zero-bias dynamic resistance for MI"M diodes.

Full details are summarized in Table 2.3. [1]
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Maraghechi et al. [87] demonstrated that by using Cr/Al,O3/HfO,/Cr configuration,
the rectifying performance of a double insulator diode can be superior to that of a
single insulator device. The device cross-section and the energy band diagram of the
MI?M structure are shown in Fig. 2.10. Despite the fact that their diode showed an
asymmetry () of >10 at 3 V which is very promising, the non-linearity (fyz) of the I-
V data at low bias wasn’t enhanced and it could be further improved by lowering the

metal/oxide barrier heights.

(a) (b)

Substrate (SiO,)

Figure 2.10. Schematics of MI’M (a) device cross-section and (b) the energy band
diagram presented in Ref. [87].

Alimardani ef al. [23,31] made progress by experimentally proving the step tunnelling
mechanism in MI’M diodes made of Al,O3/HfO; and Al,03/Ta,0s, respectively, with
a work function difference of 0.6 eV between the Al and ZCAN electrodes. At
lower voltages, enhanced asymmetry (7 = 10 at 0.45 V) and fyz were obtained, but the
zero-bias rectification characteristics were not recorded. Energy band alignments of
these two different MI’M structures demonstrating the RT, flat band condition and ST

with the associated applied biases are shown in Fig. 2.11.

It is seen from the figures that the dominance of both conduction mechanisms is
observed at relatively high voltages which is a disadvantage for energy harvesting
applications. This is due to the high barrier heights between the metal/oxide layers and

should be modified by lowering the barriers to efficiently operate around zero-bias.
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Figure 2.11. Energy band diagrams of (a)-(c) ZCAN/AlO3/TaxOs/Al and (d)-(f)
ZCAN/ALO3/HfO,/Al diodes showing the RT, flat band and ST conditions [23,31].

Furthermore, Al/Al,03/Ta;0s/Al device has been reported to exhibit high # (18 at 0.35
V) and a fnax of 6 A/W [7]. A spike in the I-V data at ~2 V has been attributed to
resonant tunneling (RT). This behaviour was also noticed in a Ni/NiOx/ZnO/Cr diode,
where it showed remarkable # of 16 at 0.5 V and S of 8 A/W [66]. In addition,
Mitrovic et al. [20] have shown that the Nb/4 nm Nb2Os/1 nm Al,O3/Ag diode has a
superior low-bias # of 35 at 0.1 V and a S of 5 A/W at 0.25 V. In Fig. 2.12, the
energy band diagrams including the flat band condition, as well as the RT and ST
conditions of the Nb/Nb2Os/Al,O3/Ag are shown. Furthermore, in line with the
experimental band alignment and a theoretical model, it was discovered that the work
function difference of the Nb/Ag electrodes facilitated the start of strong resonance at

less than 1 V as shown in Fig. 2.12 (b).

The impact of RT on asymmetric Al/Ta;Os/Al203/Cr diodes with different oxide
thickness ratios has also been examined by Noureddine et al. [81]. They found a strong
relationship between the simulated bound states at the Ta20s/Al,0O3 conduction bands
and the thickness ratio of the insulating layers. Low turn-on voltages (~0.17 V) have

improved the rectification properties of the diodes [88].
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Figure 2.12. Energy band diagrams of ZCAN/Al>:O3/Ta20s/Al diode showing the (a)
flat band condition at V=0V, (b) RT at V>0.9 V and (c) ST at V>-0.6 V [20].

It is important to note that none of the devices described above had the desired
minimum area for coupling with the antenna component. Instead, the research was
focused on improving the asymmetry and the non-linearity of these devices by

engineering different metal/oxide barriers.

The correlation between resistance and responsivity in MI?M devices was investigated
by Herner et al. [19] by testing Co/Co304/TiO2/Ti diodes prepared with a range of
thicknesses and annealing temperatures. When annealing the samples up to 256 °C in
air, a substantial decrease in the dynamic resistance with a modest decrease in the
responsivity was reported. Their most efficient diodes exhibited a £ of 2.2 A/W and
a Ry of 18 kQ. In another work [17], the zero-bias rectification performance of a diode
based on Co30s was compared with a structure composed of Ni/NiO/TiO»/Cr. A
quantum mechanical MIM diode simulator was used in this study to investigate the
relationship between responsivity and resistance by altering the insulator thickness for
both diodes. As opposed to RT, ST has been observed to be the more dominant
conduction mechanism in both architectures. However, it has been mentioned that RT
is critical for lowering the dynamic resistance which could be accomplished by
increasing the Co3zO4 thickness but this also increases the operation voltages. The use
of a "geometric diode" has also been proposed as an alternative [17,89], where these
structures were explained in section 1.3.3. but they are not a covered in the scope of

thesis.

As also explained earlier, Pelz et al. [83] developed a travelling-wave diode (TWD)
made of Ni/NiO/Nb2Os/CrAu to show that the transmission line impedance can get
beyond the constraints of the traditional MIM diodes' RC time constant at optical
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frequencies. The design and the SEM image of this TWD are shown in Figs. 2.13 (a)
and (b). An Ry of 380 Q and fy of 046 A/W were recorded from DC I-V
measurements. In addition, the TWD showed a fax of 130 pA/W with a detectivity

of 1.0 x 10* jones in the optical measurements.
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Figure 2.13. (a) TWD rectenna design and (b) the SEM image of the structure [83].

A Ti/Ti02/Zn0O/Al diode was demonstrated by Elsharabasy et al. [84] which had a
peak fmax of 10.6 A/W at 0.15 V where the fpwas 1.9 A/W with an Ry of 5.9 kQ.
Their genetic algorithm-determined optimum rectenna design parameters were found
to have theoretical 5.5% coupling efficiency, 6.4 A/W responsivity, and 34 THz cut-
off frequency. In a recentstudy, Matsuura et al. [85] presented
asymmetric Pt/TiO2/TiO1.4/Ti diodes made of stoichiometric and non-stoichiometric
oxide layers with the goal of enhancing the current density and consequently the
asymmetry. In a later study [85], the performance of non-stoichiometric TiOx-based
diodes was substantially improved. The diodes showed a current density of 4.6 x 10°

A/m? with a peak asymmetry of 7.26 at 0.45 V.

Weerakkody et al. [4] followed a similar approach and determined that
Ni/NiO/AlOx/CrAu diodes could achieve low Ry (1.75 kQ) and fairly high fy (0.31
A/W). This was done by manipulating the deposition conditions of AloO3 during
sputtering to increase the ratio of AI** ions. Therefore, the alumina has a higher
electron affinity (3.26 eV [20]) than the standard stoichiometric AL,O3; (~1.6 eV)
which results in significantly lower barrier height at the NiO/AlOx interface. In order
to function at 28.3 THz, a bowtie antenna was coupled with this diode (Fig. 2.14) and
demonstrated a considerable improvement in overall conversion efficiency (3.7 x 10~

89%) and detectivity of (1.7 x 10° cmHz"?W1).
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Figure 2.14. Schematics of bowtie antenna integrated Ni/NiO/AlOx/CrAu diode with
the energy band diagram and SEM image of the diode overlap region [4].

Another recent development is the ability to achieve resonant tunnelling at nearly zero-
bias, allowing for the operation of Ni/NiO/AlOx/CrAu diodes when illuminated at ~30
THz by the antenna component [82]. Low Ry (13 kQ) and high £ (0.5 A/W) were
achieved at the same time by adjusting the depth and width of the quantum well of a
0.035 pm? diode by altering the insulator thickness. The highest achieved coupling
efficiency (1.) of 5.1% and a power conversion efficiency of 1.7 x 1073% is shown by

the resulting bowtie rectifier for diodes when RT has taken place.

Defect engineering in MI?’M diodes is another recent strategy [86]. When TiO> and
AlOj3 are doped with nitrogen (N2) using plasma-assisted atomic layer deposition
(PA-ALD), electron traps are created. These traps can help with unidirectional, defect-
mediated Poole-Frenkel (PF) conduction and trap assisted tunneling (TAT) in multi-
insulator structures. The rectification performance of doped diodes has seen to be
improved, but it should be remembered that electron transport is much slower than
tunnelling, which could constrain the frequency response. The best performing

Pt/NTiOx/NAIOx/Al diode showed a Rp of 36 Q2 and a 3 of 1.7 A/W.
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Table 2.3 A summary of device and rectification parameters for multiple insulator
MI"M diodes, n =2, 3 including device area, oxide thickness in the insulator stack and

oxide deposition technique.

. Po Puax Ro Area [Thickness| Deposition
Oxides Metals | Owy | awy | @ 7 |um?)| (am) Technique
ZCAN/Al >10at | 8x
B1] - - - 0sv | 105 | 231 ALD
AlLO3/HfO» 10at | 2
Cr/Cr [87] . ~2.5 . ; Va | OSX* 212 ALD
10 at
ZCAN/Al 045V | 8x
23] - - - 187at | 105 | 2525 ALD
12V
Al03/Tax0s5 18 at I x
AV/AL [7] - 6.0 - 035V | 104 1/4 Sputtering/ALD
cral[sl] | - N ST :f o i Gl ALD
352 [
Ag/Nb [20] - 8.0 - at 0.06 10° 1/4 Sputtering
AlO3/Nb20s \
AVAL[7] - 9.0 - Zg - i | Sputtering/ALD
N/ [%A“ 0.31 - 1.75k - 0.025| 211 Sputtering
NiO/AlOx NiCiA
‘[85] u 0.5 - 13k - 10.035| 4n Sputtering
NiO/TiO2 | Ni/Cr[17] | ~1.0 ; 56k - loont| - gffg‘l‘;ﬁi
_ ~1.15 _
NiONb:0s | NWCAU | g4s | 30 | 380 | at02 1A 3p Sputtering/
[83] v Oz ambient
NiOwZnO | Ni/Cr [66] - 80 | 234M 565% 400 *|  7/7 Sputtering
. . 7227
ZnO/TiO> | AUTi[84] | 1.9 | 106 | 59k - "1 0.5/1.65 ALD
. . 1.2 at Plasma
Ti02/Co30s | Ti/Co[19] | 22 44 18k | oy [0071) 2725 | o epattering
7.26
TiO2/TiO14 | PYTi[85] - - - at0.45 | 900 | 32 Annealing/ALD
\
NTiOYNAIOx | PYAI[86] | 1.7 2.7 36 01 Sa{, 100 | 7/3 PA-ALD
Ta205/Nb2Os/ 12 at 1x
ALO. AVAIL[90] - 5.1 - o1V | 106 | 220 ALD
Ta205/Nb2Os/ 4.3 at 1 x
A0, AVAL[61] | 12 43 | 28M | Tey | g | 1830 ALD
117 at
Nb20Os/Ta0s/ 1.6V 1 x
ALO. AVAL61] | =37 | 55 | 36G | o0 | 5| 130 ALD
0.1V

*Device area calculated based on stated dimensions.

According to the most recent theoretical work by Elsharabasy et al. [91], MI’M diode
responsivity can be improved by taking metal/oxide characteristics into account and
adjusting the diode resistance to 100 Q to have a perfect impedance match between

the diode and the antenna. The optimization was carried out to assure zero-bias
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operation, and it was discovered that the Ti/1 nm TiO2/1 nm Nb>Os/Ti diode has the
closest configuration to the ideal diode according to the simulation results of Ry =
108.6 Q and S = 4.99 A/W. Using this design, for a diode area of 0.01 um?, the
predicted RC time constant was calculated to be 9 fs, resulting in a cut-off frequency

(2) of 17 THz.

Besides the MI*M structures, there have been a relatively limited number of
investigations conducted on triple-insulator (MI°M) diodes. The RT effect was
explored and published for the first time by Maraghechi et al. [92] in
Cr/Cr203/HfO2/Al,0/Cr and Cr/Cr203/Al203/HfO2/Cr diode stacks in cascaded and
non-cascaded formations, respectively. In our later studies [61,90], both cascaded
(AI/NDb20s5/Al,03/Ta;05/Al) and non-cascaded (Al/Ta;Os/Nb2Os/Al,03/Al) diode
configurations have been developed by combining ultra-thin (1-3 nm) metal oxide
films of Al,O3, TaxOs and Nb2Os. ALD has been used to facilitate sub-nm thickness
control, low oxide defect density, excellent stoichiometry, and superior uniformity.
The diodes exhibited dominant RT behaviour at low voltages ~0.35 V for non-
cascaded design. These devices have been the best performing MI°M diodes in the
literature with superior low-voltage [nax of S A/W at 0.2 V and # of 12 at 0.1 V. The

details of these devices are explained in Chapter 6 in detail.
2.3 Design considerations of THz rectifiers

In this section, the challenges in the MIM diode fabrication for THz energy harvesting
and the efficiency considerations are covered. With this scope, the pros and cons of
several deposition methods for the insulators used in the MIM fabrication and are
summarised in detail. In addition, a theoretical prediction for the antenna/diode

coupling efficiency is presented for four different oxide candidates.
2.3.1 Challenges in fabricating THz rectifiers

As indicated in Eqn. 1.3, a trade-off between various physical properties of diodes
usually restricts practical implementation in rectennas for having a high f. and
harvesting IR energy. The patterning of nano-scale devices, coupling efficiency, and
diode integration with the antenna are only a few key challenges that need to be solved.
Other problems include a precise manufacturing process with smooth metal electrodes

and high-quality ultra-thin oxides. The oxide uniformity and subsequently the
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electrical behaviour of the diodes are influenced by the surface roughness of the metal
electrodes. As a result, the performance of the devices is being limited. In this section,

several challenges in the fabrication process of the nano-rectennas are listed.
2.3.1.1 Bottom electrode surface roughness and native oxidation

The bottom metal electrode's surface roughness and the technique used to grow the
oxide layer have a significant impact on the quality of the prepared oxide. The effect
of growth conditions on the bottom electrode surface roughness presented in Ref. [32]
is shown in Fig. 2.15. The atomic force microscopy (AFM) images of the Al deposited
Si substrates are demonstrated before and after optimizing the substrate cleaning and

the thermal evaporation growth conditions.

rms = 0.9 nm

Figure 2.15. AFM images of Al thin films for 1600 pm? scan area (a) before and (b)
after the optimization of cleaning process and the thermal evaporation growth

conditions [32].

Native oxidation [49] can be considered as the simplest method, but typically produces
low-quality, uneven oxides because of the changing humidity and the ambient
atmosphere. Most of the fabricated diodes presented in Tables 2.2 and 2.3 have oxide

thicknesses less than 5 nm, which aids in quantum-mechanical tunneling.
2.3.1.2 Oxide uniformity

The list of various oxide growth methods including native, plasma, thermal, boiling
water, O, exposure, and anodic oxidation are also presented. In another method, the
bottom electrodes undergo thermal oxidation [48,51,62], which involves heating

process to a high temperature and allowing the oxides to grow on the metals.
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A slight variation in the oxide thickness has a significant impact on the probability of
tunnelling and the associated current density of the diode. Non-uniform insulating
layers in MIM diodes can cause variability in the current density which results in lack
of repeatability. Also, any defects in the oxide films can lead to the emergence of
unwanted conduction mechanisms including Schottky (SE) and Poole Frenkel (PF)
emissions or trap-assisted tunnelling (TAT). Therefore, it is crucial to make insulators
that is uniform, ultra-thin, and free of defects for the efficient and consistent

functioning of a diode.

Plasma oxidation [8,9,11,19,50,56,58,59,64], on the other hand, is more consistent
and repeatable technique because it allows for precise control over process variables
including power, oxygen flow rate and oxidation time. In this method, a He-based
process gas is delivered into the region between the electrodes and the plasma is
generated by applying an RF power at a specific frequency [93]. The schematic
representation of a typical plasma oxidation setup is shown in Fig. 2.16. It has also
been demonstrated that anodic oxidation or anodization yields high-quality oxidised

metal surfaces with accurate thickness control [72,73].
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Figure 2.16. Schematic representation of a plasma oxidation setup [93].

Other methods, such Langmuir-Blodgett [52,68] , have also been studied for oxide
deposition in MIM diodes. However, this technique has primarily been used to make
insulator films based on organic materials which allows for simple and inexpensive
oxide deposition with proper thickness control. Figure 2.17 illustrates the fabrication
of inorganic NiO thin films from an organic nickel acetate precursor using the LB

approach and their utilization as an insulating layer of a MIM tunnel diode.



C,;H;:COO

2C,;H,<COOH + Ni(CHC00), * ZCH,COZ)H
Acetic Aci
Stearic Acid Nickel Acetate CiHyCOO fead
(Spreading Liquid) (Sub phase)
____________ Nickel Stearate
/”'—— Under UV exposure ~~~a_ LB deposition
V4 At 100° C for 15 mins e )
7 CiHyCOO M3soClorthe A DOOOCOOOOOOOoD 0L

0, seateLtsNstasNLLeN
~~~~~~~~~~~~~ T 5 O

Nickel Stearate layers on substrate

Figure 2.17. Schematic representation of NiO synthesis using LB method [52,68].

Direct deposition of an insulator on the bottom electrode material with various
deposition techniques such as sputtering (Fig. 2.18 (a))
[4,7,69,77,82,83,17,20,42,45,46,55,57,66], e-beam evaporation (Fig. 2.18 (b)) [75] or
ALD [7,22,85-87,90,23,31,61,67,74,76,81,84] could be a better approach to

overcome the limitations of oxide growth on the bottom metal.
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Figure 2.18. Schematics of (a) RF sputtering, (b) e-beam evaporation and (c) ALD
setups [94-96].
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Atomic layer deposition (ALD) (Fig. 2.18 (c)), among many other deposition
techniques, provides the finest oxide quality with low defect density, high

stoichiometry, and superior uniformity [90].
2.3.1.3 Device scaling

Apart from the deposition methods, the most sophisticated ultra-fine mask-less
lithographic techniques, especially e-beam lithography (Fig. 2.19 (a)), are necessary
for nano-scale patterning in order to facilitate small diode areas. Another alternative
approach, which is thermal scanning probe lithography (Fig. 2.19 (b)), for patterning
nano-scale devices is presented in this work. Hence, a minimal capacitance can be

obtained while maintaining a diode resistance in the order of a few hundred Qs to

match the antenna impedance.
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Figure 2.19. Schematics of e-beam lithography and thermal scanning probe

lithography techniques [97,98].
2.3.2 Estimation of diode-antenna coupling efficiency (17.)

The properties of thin films such as uniformity, crystallinity, stoichiometry and
homogeneity are highly dependent on the deposition method as explained in the
previous section in detail. As a result, the electron affinity, band gap and dielectric
permittivity of even the same materials can change depending on the processing

conditions.

The static (¢) and dynamic permittivity (&= n?, where n is the refractive index at a

specific frequency) values of the most prominent oxides utilised in MIM diodes for
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rectennas, including NiO, Al,O3, ZnO, TiO,, CuO, Ta>0s, Nb2Os, Cr203, Si02, HfO,,
V20s, and Sc203 are summarized in Table 2.4. The dynamic permittivity (&) of the
oxides at specific frequencies (28.3 THz in our case) is used to predict the power
transfer efficiency of an AC voltage source integrated with a MIM diode in order to

further investigate the coupling efficiency of these oxides for rectifying THz signals.

Table 2.4. Static and dynamic permittivity (at 28.3 THz) of most common oxides used

in MIM diodes for rectennas.

Oxide Static Permittivity (&) Dynamic Permittivity (&) @ 28.3 THz
NiO 7.9-16.7[102], 11.9 [103,104] 3.24[105]
7[106], 7.6 [107], 8.3 [108],
AlOs 1 ¢ 911091, 9 [110], 10 [7.20.111,112] 0.8 [4,99]
Zn0 8.5 [113,114], 9.4-10.4 [113] 2.4 1101]
. 15-25 [115], 60 [116], 70 [117], 80

Ti0, [110,118], 88-102 [119], 100 [120] 14199
CuO 10°-105 [121] 2.4 [74,100]
Ta,0s 20791, 23.9 [109], 25 [119] ;
Nbs0s 25 [7.20.79] ;
€105 10.3 [122], 11.8-13.3 [123] ;

Si0; 3.9 [110] 4.7199]
HfO, 14 [124], 18 [125], 25 [110] ;
V105 11.5-22.3[126] ;
Sc;0; 8.5-9.3 [127], 14 [128,129] ;

Table 2.4 lists the reported & values at 28.3 THz obtained from various techniques
such as spectroscopic ellipsometry [4,99], transmission [100] and reflectance [101]
measurements for NiO, AlO3, ZnO, TiO;, CuO, Ta;0s, Nb,Os, and SiO2. Some
oxides with very high static permittivity, like CuO, have very low dynamic

permittivity, which allows their utilization in rectenna devices [74].
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As shown in Eqn. 1.2, the coupling efficiency (7.) in a rectenna system can be
calculated at a specific frequency. Assuming that an antenna has ~ 100 € resistance
to be able to capture 28.3 THz frequency. The coupled diode must have a similar
resistance with the antenna in the scenario of a perfect impedance match between the

diode and the antenna (100 €).

In Fig. 2.20, the i, between diode and the antenna is shown as a function of the
resistance and the area at 28.3 THz for the most common oxide contenders (Al>O3,
TiO2, ZnO and NiO). In the calculations, the oxide thickness was set at 3 nm. The
dynamic resistance (Rp) and area (4) parameters were swept between 100-1 kQ and
0.01-1 um?, respectively. For the capacitance calculations indicated in Eqn. 1.4, the
high-frequency & values (Table 2.4) of oxides were used. Figures 2.20 (a) and (b)
illustrate that the Al2O3; and TiO; emerge as strong candidates with the maximum

coupling efficiency higher than the other two oxides due to their smaller &,.
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Figure 2.20. Calculated coupling efficiency for the MIM rectenna device as a function
of (a) resistance and (b) area at 28.3 THz using 3 nm oxide thickness and dynamic

permittivity values as stated in Table 2.4.

Another point is that, even though the diode resistance is set to be 100 €, the area
appears to be more critical parameter, as the coupling efficiency is significantly
reduced (< 1%) when the area is increased to 1 um?. Figure 2.20 represents the
optimum device scenario that is still challenging to manufacture; i.e. a highly scaled
MIM diode with a small capacitance in atto-farad (aF) level and a dynamic resistance
of'a few 100s of Qs that operate effectively at 28.3 THz. The main focus of this thesis

is on (i) engineering the metal/oxide barriers using several oxide materials, (ii)

55



depositing ultra-thin films and (iii) fabricating scaled MIM diodes to boost the
coupling efficiency of these devices beyond the state-of-the-art.

2.4 Conclusion

In this chapter, a detailed literature review of the state-of-the-art MI"M (n = 1, 2, 3)
diodes that are used in THz rectennas has been presented. This includes the utilization
of numerous oxides in MIM diodes along with an overview of each oxide's electron
affinity, band gap, and permittivity. Also, the most common metals used in MIM
devices, as well as their work functions and skin depths have been summarized. It can
be seen that there are several values electron affinity (such as from 1.46 eV to 4.8 eV
for NiO) and work function (from 4.0 eV to 5.0 eV for Co) reported in the literature
for the same type of materials depending on different growth and characterization
methods. Since the barrier height of the engineered metal and oxide layers have a
fundamental role on the device performance, it is crucial to know its exact value to
reliably assess the rectification performance of the fabricated devices. Otherwise, it is
not possible to have a repeatable process. It was seen that A1>O3 and NiO are the two
most common oxides used in the MIM diode fabrication, as well as their combinations
with the other oxides. This is usually due to their low dynamic permittivity values at

28.3 THz which increases the coupling efficiency.

The main goal of this research is to improve the rectification performance of diodes
by increasing the asymmetry and zero-bias responsivity while decreasing the zero-bias
dynamic resistance. There are several studies where very low Ry values were obtained
such as 125 Q for the Al/Al,03/Pt and 100 Q for the Ni/NiO/Ni diodes but their Sy
values haven’t been optimized due to the trade-off between the dynamic resistance
and responsivity. Since the single insulator MIM diodes are facing this limitation,
alternatively, multiple insulator diode structures are becoming attractive due to the
potential of resonant and step tunnelling mechanisms to break this trade-off. In RT, as
the electrons propagate through the localized energy states in a QW formed by
combining different insulating layers, the dynamic resistance can be decreased while
maintaining a high asymmetry and responsivity. Also, the asymmetry and non-
linearity of the I-V behavior can be improved via ST due to the reduction in the
tunneling distance in one direction. For example, a double insulator Ti/Ti02/C0304/Co

diode exhibited a high £y of 2.2 A/W with an 18 kQ Ry at a relatively small device
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area (0.071 pm?) which makes it promising to integrate with THz rectennas. In another
study, a very low Ry of 380 Q was reported for the Ni/NiO/Nb2Os/Cr diode with a
relatively good Sy of 0.46 A/W for 0.1552 um? device area. In one of our works which
is also included in this thesis, we achieved a considerably high fy of -3.7 A/W using a
triple insulator Al/Nb2Os/Ta;0s/Al203/Al configuration with the aid of resonant
tunnelling with relatively high fy which could be improved by lowering the barrier
heights. Until now, the best achieved experimental rectenna performance belongs to a
double insulator Ni/NiO/AlOx/Au MI*M diode integrated with a bowtie antenna which
exhibited a coupling efficiency of 5.1% and an overall power conversion efficiency of
1.7 x 108% at 30 THz. According to the DC I-V characterisation, this diode has a Ry
of 13 kQ and a fyof 0.5 A/W. Another recent theoretical work demonstrates that a
higher f90f4.99 A/W with a lower Ry can be achieved using a Ti/TiO2/Nb2Os/Ti diode
with 0.01 pm? device area which could result in more efficient rectification. As
discussed, despite the number of limitations, there is a substantial research ongoing in
this field to develop the most efficient MIM rectifier for THz rectennas. In section 2.3,
a coupling efficiency has been calculated. The use of most promising oxides such as

Al>03, TiO2, ZnO and NiO has been evaluated in terms of dynamic permittivity.

This review clearly shows that different combinations of multiple insulator MI"M
diode structures are the most promising ones for several reasons in comparison to the
single insulator MIM rectifiers, as well as the other emerging THz rectifier types.
These include better rectification performance in terms of asymmetry, zero-bias
responsivity and reduced dynamic resistance with the aid of RT and ST. Plasmonic,
graphene geometric, 1D MIG based and MWCNT rectennas are mainly focused on
reducing the diode capacitance by altering the diode design. However, they are
currently inefficient in terms of rectification performance compared to MIM tunnel
rectifiers. Another disadvantage of these rectifier types (particularly for the graphene
geometric, 1D MIG based and MWCNT rectennas) is the device complexity which
requires more challenging fabrication processes. On the other hand, Seebeck nano-
antennas are advantageous in terms of cost effectivity and ease of fabrication since
they do not need an insulating layer, but they also suffer from thermal losses. Also,
their state-of-the-art performance is not yet comparable with MIM diode’s

performance metrics.
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Chapter 3



3. Modelling of rectenna devices

According to the conservation of energy law, a particle can either overcome a barrier
or bounce back after hitting it in classical mechanics where the total amount of kinetic
and potential energy must be conserved. Therefore, when the energy of the barrier is
greater than the particle's kinetic energy (KE), electrons cannot pass through the
barrier and no transportation occurs. However, in quantum mechanics (QM), it is
explained that the particles can propagate through the potential barriers as
wavefunctions via the physical phenomenon called tunnelling. In a QM system, the
propagation of these wavefunctions are explained by the Schrodinger equation which

was discovered by Erwin Schrodinger in 1926 [1,2].

Understanding the conduction mechanisms of dielectric films is essential for the
successful utilization of these materials. In dielectric films, there are mainly two
different types of conduction mechanisms: bulk-limited and electrode-limited. In the
bulk-limited conduction, the electrical characteristics of the actual dielectric affect the
current transport. This mechanism helps to determine a number of crucial physical
properties of the dielectric films such as relaxation time (the time it takes for a
material's polarisation to respond to a change in an external electric field), density of
states (DOS) in the conduction band (the number of available energy levels for charge
carriers within a material's conduction band), carrier drift mobility (the ability of
charge carriers to move through a material in response to an applied electric field),
trap level (the energy level within the electronic band gap of a material where charge
carriers can become trapped), trap spacing (the separation between different trap sites
at which charge carriers can become trapped), and the trap density (the density of
electronic states within a material that can capture and trap charge carriers, preventing
them from travelling freely). On the other hand, in the electrode-limited, the
conduction is governed by the electrical behaviour at the electrode/dielectric interface
where the barrier height or effective mass of the dielectric films can be extracted [3].
In this chapter, several conduction mechanisms that can affect the performance of

single (MIM) and multiple (MI"M) dielectric diodes are explained.
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3.1 Conduction mechanisms in MIM diodes

In a rectenna system, the rectifier can either be semiconductor (p-n junction or
Schottky diode) or dielectric based (MIM diode). By using Schottky diode-based
rectennas, it has previously been demonstrated that rectennas are quite efficient at
radio-frequency (RF) and micro wave (MW) frequencies, but they still have a number
of drawbacks when it comes to harvesting infrared (IR) energies. Semiconductor-
based diodes are insufficient for high frequency rectification (in THz). As stated by
Hall et al. [4], p-n junction diodes use minority carrier (electrons in p-type material)
injection to drive current during forward bias. When a reverse bias is applied, there is
a recovery time needed for the minority carrier charges to be removed, during which
anon-rectifying current flow. Therefore, removal of electrons occurs through a reverse
current and recombination with majority carriers (holes), both of which are relatively
slow processes. For this reason, p-n junction diodes cannot efficiently operate in the

THz region.

As another semiconductor-based diode, Schottky diodes outperform p-n junction
diodes at high frequencies because majority carriers (electrons for a metal-n-type
semiconductor structure) carry the current, which is injected into the metal side of the
diode junction. Metals do not store charge, so the electrons are stored within the
dielectric relaxation time of the metal, which is determined by its conductivity and
permittivity. The initial limiting factor for the Schottky diode's frequency response is
its junction capacitance. Besides this, at high THz frequencies, another limitation is
the dielectric relaxation response of the n-type material, which depends on its
conductivity, doping density, and charge carrier mobility. These constraints make the

semiconductor based diodes inefficient for functioning in THz spectrum [4].

However, the MIM diode is a promising contender for high frequencies since it
functions based on the quantum mechanical tunnelling of electrons through the
insulator. The transmission time of charge carriers across the dielectric is inversely
proportional with the tunnelling probability and it is in the femtosecond (fs) range.
Therefore, if the parasitic capacitance is decreased sufficiently the device can operate
at THz frequencies [4,5]. For these reasons, it is crucial to suppress the effect of
thermionic conduction mechanisms and have dominant quantum mechanical

tunnelling in the MIMs to have more efficient THz applications [6].
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3.1.1 Schottky emission (SE)

In Schottky emission (SE), which is an electrode-limited conduction mechanism, the
electrons in the metal can pass over the energy barrier at the metal/insulator interface
and go to the insulator region when they obtain sufficient energy through thermal
activation. SE in an MIM diode is shown in Fig. 3.1 under an applied negative bias to

the top metal.

Schottky emission

Top metal

Bottom metal

Figure 3.1. Energy band diagram of Schottky emission (SE) in MIM diodes.

The Schottky effect, also known as the image force can reduce the height of the energy
barrier at the metal/insulator interface. The term "thermionic emission" or "Schottky
emission" refers to this type of metal-to-dielectric conduction mechanism. In dielectric
films, particularly at relatively high temperatures, this is one of the most frequently
seen conduction mechanisms [3,7]. The current density (Jsz) generated by Schottky

emission can be expressed by

Jsg = A*T?exp _q(QB_‘IZ:/METEOZ (3.1)
2 * *
A = 4mqk°m _ 120m (3.2)

h3 my

where A* is the effective Richardson constant, T is the absolute temperature, q is the
electron charge, q@g is the Schottky barrier height, E is the electric field in the
insulator, &, is the dynamic permittivity of dielectric (which is equal to n?, where n is
the refractive index at a specific frequency), &, is the dielectric permittivity of free

space, k is Boltzmann’s constant, h is Planck’s constant, m”* is the electron effective
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mass constant of the insulator, m, is the electron effective mass. In order to calculate

the &, natural logarithm of both sides of the expression (3.1) has to be taken

In()) = In(4'7?) | 2@ Aneree) (3.3)

Then, the equation can be written in a linear form for the square root of the electric
field (VE) and the inverse temperature (1/T)

in () = W) yp D5 4 iy g (3.4)

T2

Therefore, the slope of In (#) vs VE becomes

kT ’

SEsiope = ala/4mereo) (3.5

In order to confirm a Schottky conduction mechanism, the dynamic permittivity
should be close to the square of the optical refractive index of the dielectric
layer (&, = n?). Then, the barrier height can be obtained from the intercept of the
Schottky plot as

y — intercept = In(4A*) — % (3.6)

3.1.2 Poole-Frenkel emission (PF)

A bulk-limited conduction mechanism that results from defect energy states (traps) in

the dielectric is Poole-Frenkel (PF) emission as shown in Fig. 3.2.

) P ) o
q TI .@f\.\féole Frenkel emission

Top metal

Bottom metal

Figure 3.2. Energy band diagram of Poole-Frenkel (PF) emission in MIM diodes.
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This mechanism is similar to SE where the electrons that have been thermally excited
may emit from trap centres into the dielectric's conduction band [3,7]. These trap
energy levels are important parameters in this mechanism. The Coulomb potential
energy of an electron in a trapping centre can be lowered by an applied electric field
across the dielectric layer. The thermal emission probability of an electron excited
from the traps to the insulator's conduction band is increased by this decrease in barrier
height. The current density (Jpg) resulting from the Coulombic attraction between

these traps and the electrons is written as follows,

_Q¢T_V qE/n'srsO) (3 7)

Jpr = qncpE exp( kT

where n. is the carrier density, u is the electron drift mobility and g¢ is the trap

energy level. Similar to the SE, to examine the PF conduction mechanism, the dynamic

permittivity (&,) can be extracted from the slope of the In (é) vs VE which is

PFsiope = « qf;srso)_. (3.8)

Also, the trap barrier height can be calculated from

y — intercept = In(qn.uE) — q}% (3.9)

3.1.3 Trap-assisted-tunnelling (TAT)

As demonstrated in Fig. 3.3, trap-assisted-tunnelling (TAT) is a mechanism where the
charge carriers tunnel from top metal to the bottom from the defects in the dielectric
layer [8].

qPr 1 ___________ r'w.jrap-assisted tunnelling

~

Top metal

Figure 3.3. Energy band diagram of trap-assisted-tunnelling (TAT) in MIM diodes.
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At low bias, electron injection into the bulk is prevented, which causes the interface
to dominate the conduction. Therefore, the carrier transportation occurs when
electrons from the electrode tunnel to the defect states close to the interface. This can
be expressed as [7,9]

—811\/2em*(2)g/TzAT>

Jrar = Agexp (—%QB) exp ( 3hE (3.10)

where A is constant and @y 47 is the trap-assisted barrier height.

At higher bias, the Eqn. 3.10 can be modified by including the Poole-Frenkel term in

it to explain the temperature dependency of the conduction mechanism by

o JraF3/2
J = BEexp (%E@BW) exp [—e (@T - —“eﬂ/c’fg")] (3.11)

where B is a constant and @ is the trap energy level coming from the PF term [9].
3.1.4 Fowler-Nordheim tunnelling (FNT)

When the applied electric field is sufficiently strong, the electron wave function can
pass through the triangular potential barrier, resulting in Fowler-Nordheim tunnelling

(FNT) [3,10] as shown in Fig. 3.4.

Fowler-Nordheim tunnelling
q9Ps

Figure 3.4. Energy band diagram of Fowler-Nordheim tunnelling (FNT) in MIM

diodes.

The energy difference between the metal's Fermi level and the lowest edge of the

oxide's conduction band is referred as the barrier height (@5). The electrons can only
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tunnel through the triangular portion of the barrier when it is bent. The current density

equation coming from FNT (Jpyr) can be written as

3.2 _ *\1/2
Jenr = — “Eex [—811'(2qm ) 3/2] (3.12)

8whq@gm* 3hE B
where m* is the effective mass in the dielectric and @5 is the FNT barrier height.

For FN tunnelling to occur, the In(J/E?) vs 1/E plot must be linear.

in (L) = [FoREeni/m e o)1y gy (_em a1

E? 87thq(z)BmT)

Therefore, the FNT barrier height (@5) can be calculated form the slope of this plot.
Slope = —6.83 x 107 |(2L) 9,* (V/cm) (3.14)
mo

3.1.5 Direct tunnelling (DT)

In direct tunnelling (DT), the electrons can tunnel through the barrier at a lower bias

than FNT if the barrier is ultra-thin (< 5 nm) as shown in Fig. 3.5.

_ Direct tunnelling
q9s

Top metal

Bottom metal

Figure 3.5. Energy band diagram of direct tunnelling (DT) in MIM diodes.

The approximated expression of DT can be written as [3,10]

3

* /2 3
_ qz 2 _ Vapp _1'33\/2qm (¢B_(¢B _Vapp))

Jor = g E (¢>B N )exp = (3.15)

where, t is the thickness of the dielectric and V,y,, is the applied bias.
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3.1.6 Other conduction mechanisms in MIM diodes

Besides the summarised common conduction mechanisms in MIM diodes, there are
several others that can been seen in dielectric films such as ohmic conduction. In this
mechanism, the process occurs by the movement of the electrons and the holes in the
conduction and the valence bands, respectively [3]. The current density (J) in ohmic
conduction can be approximated as

—-E
] = oE = ncexp [ﬁ (3.16)

where o is the conductivity, n¢ is the carrier density and Ej is the band gap of the

dielectric.

Another mechanism that can be seen is the space-charge-limited conduction (SCLC)
where the | vs V2 plot should give a linear fit at any applied bias range for this

mechanism to occur [11].

Besides these, the ionic conduction which is seen as a result of the migration of ions
under an applied bias can be considered as a possible transport mechanism in dielectric
films. The possible defects in the dielectric films can cause this movement of ions
where they can travel through these defects under an external electric field [3]. The
ionic conduction equation can be written as

J = Joexp (25 — 122) (3.17)

2kT kT

where J, is the proportional constant and d is the spacing between the defects. The

other parameters have been defined in the above equations.
3.2 Conduction mechanisms in multiple dielectric MI"M diodes

The use of multiple dielectric layers can improve the performance of MIM diodes
taking the advantage of either resonant tunnelling (RT) or step tunnelling (ST). When
compared to MIM diodes with a single insulator, MI?’M diodes with double insulators
and different band offsets exhibit substantially higher responsivity and asymmetry
values [12,13]. A detailed comparison has been done in Chapter 2. Figures 3.6 (a)-(b)
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show the formation of a quantum well (QW) in double and triple insulator diode

configurations composed of different oxides, respectively.

Resonant tunnelling (b)

Bottom metal Top metal| 14

Figure 3.6. Schematics of band alignment for: (a) MI?’M diode under negative bias on
top metal showing bound states in a quantum well and conditions for resonant
tunneling to occur; (b) MI’M diode under zero bias, showing existence of bound states

in a quantum well.

In MI*M configuration (Fig. 3.6 (a)), a triangular well forms at the interface of the two
insulators when the Fermi level of the top metal is negatively biased. In Fig. 3.6 (b)
an example of non-cascaded triple insulator configuration is shown where a natural
quantum well occurs above the valence band of the middle insulating layer without
any external bias. In both cases, there are localised eigenstates that are known as bound
states, and electron waves can travel across these energy states by means of RT which

improves current transmission [14,15].

For the step tunneling (ST) to occur, the metal Fermi level of the higher barrier side
should overcome the conduction band of the lower barrier. This can be done with an
applied reverse bias having opposite polarity on the top metal as shown in Fig. 3.7.
This results in a sharp increase in current in one direction due to the decreased
tunneling distance. The dominant mechanism in a particular device is determined by

the metals, insulator materials, and thicknesses used [12,16—19].
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Step tunnelling

Bottom metal

Top metal

Figure 3.7. MI’°M diode under negative bias on the bottom metal showing step

tunneling (ST).

For a better understanding of these two conduction mechanisms, the theoretical

background of the in-house model developed for MI"M device is given in the sequel.
3.3 MATLAB simulation model of MI"M devices

As briefly mentioned before, for the RT to occur, the Fermi level of Metal 1 needs to
be aligned with a bound state that exists in the quantum well (QW). This could be done
by applying a negative voltage on Metal 1 and bending the left side of the barrier

upwards as shown in Fig. 3.8 (a). Therefore, a maximum current transmission can be

achieved.
(a) ),
\\ d;
—»> ‘e
\
N
CBimax eeeegeeeeseas aPp1 \\
N
AE,
ErimeYemmmeed |y e
F Metal 1 A2
Quantum well
----- L — .
" N
Metal 1 Insulator 1 Insulator 2  Metal 2 N slices

Fig. 3.8. (a) Energy band diagram of a MI*M structure including the RT conduction
under an applied negative bias on the Metal 1 and (b) energy barrier of a single

dielectric divided into N slices.
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The model for calculating the bound states in a quantum well is based on the Tsu—
Esaki method [20] and the current density (J) is calculated using the transfer matrix
method (TMM) where the insulator layers are assumed to consist of multiple slices
with different barrier heights as shown in Fig. 3.8 (b). The number of slices (N)
maintain the accuracy of the simulations and typically 50 slices per nanometer is
sufficient for high accuracy. TMM method is used to calculate the transmission
probability of electrons for tunneling through the barriers, while the tunnelling
probability for each slice was determined by Wentzel-Kramers-Brillouin (WKB)

approximation model

Pr(j) = exp [—%foj \/Zm*(q(ij — Ey)d; (3.18)

where m”* is the effective mass of electron, q is the electron charge, h is the reduced
Planck’s constant, k is the Boltzmann constant, E, is the total energy of electrons in

the tunneling direction, d; is the thickness of the slice ;.

As shown in Fig. 3.8 (a), the electrons on Metal 1 can be transmitted by tunneling
through available energy states (bound states) in the QW. The current is determined
by the Fermi-Dirac distribution of the average occupancy of each state as well as the
density of the available states at each energy level. Assuming a potential difference
between the Metal 1 (V' = Vy) and Metal 2 (V = 0), the total current density (J) can
be calculated by

m*qkT

. 1+exp[(Ex—Ep1)/kT]
/= W-fo Tcoeff(Ex)ln{ x—Er1

1+exp[(Ex—EFz—anpp)/kT]

}dEx (3.19)

where T is the temperature, T;,qff is the transmission probability, Ep; and Ep, are the

Fermi levels of Metal 1 and Metal 2, respectively.

A MATLAB model was developed based on the theory of above-mentioned equations
(3.18-3.19) by Liverpool group in the Department of Electrical Engineering and
Electronics. The model was initially used for predicting the number of bound states in
double insulator (MI?M) structures and calculating the resulting current density due to

resonant tunneling (RT) [14]. The model was then modified to predict the RT states
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in triple insulator (MI°M) structures. Further details of the model have been published
in several papers and theses which can be found in [10,11,14,15,21,22].

The MATLAB model was used to generate band diagram of several MI"M (n =1, 2,
3) structures to predict the RT states in a QW, as well as to plot the transmission and

tunnelling probabilities leading to fitted I-V curve of associated device structure.
3.3.1 Modelling of MI?M structures

As a demonstration for the MI’M diodes with similar electrodes, the thickness of two
oxides have been set as 4 nm and 1 nm, respectively. The 4 nm oxide layer was
assumed to have a static dielectric permittivity (&) of 25, while the € of the 1 nm oxide
was taken as 10. The ratio of the applied voltage of each specific layer (V,,), as well
as the band bending in the model is based on the series capacitance calculations [10]
where

Ceq — Lox1Cox1 (3.20)

Cox1+Cox1

and

C
Voxl = A X V

=X V. (3.21)

The capacitance of each layer is calculated using Eqn. 1.4. The barriers have been
assumed to be 0.5 eV for the lower barrier (¢pg,), 2.5 €V for the higher (¢5,) barrier
and 2.0 eV for the well depth (AE.5) which corresponds to the conduction band (CB)
offset of two oxides. Figure 3.9 shows the flat band situation of a double insulator
configuration without any external bias. A bound state can be formed in the quantum
well under an applied bias V), = 0.24 V as shown in Fig 3.10 (a). The M; work
function (WF) was fixed at 0 eV and used as the reference point of the alignment.
Therefore, the bands can be considered as bending with an applied of voltage (Vpp)

on Mo.
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Figure 3.9. Energy band alignment of a MI°’M diode having 4:1 (nm) thickness and

25:10 & ratios and same metal electrode work functions at zero-bias.

The energy of the bound state in the quantum well (Eqwi) was found to be 0.46 eV

which also corresponds to the energy difference from the Er;.
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Figure 3.10. Energy band alignment of a MI*’M diode having 4:1 (nm) thickness and

25:10 ¢ ratios and same metal electrodes together with the associated transmission and

tunneling probability plots (a)-(b) at 0.24 V and (c)-(d) 1.40 V.
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It is also evident from the sharp peak at 0.46 eV in Fig. 3.10 (b) that there is a bound
state in the QW however, with very low tunneling probability (4x107) and
transmittance (5.68x107!) values. This indicates that very small number of electrons
are available to tunnel at this energy level as defined by Fermi-Dirac statistics. This is
because of the large energy difference between the Er; and Eqwi. If the V), on M2 is
increased, the energy gap between Er; and Eqwi can be decreased. This is shown in
Fig. 3.10 (c) that when the V,,is 1.40 V, there are two bound states in the QW and
there is no energy difference between Er; and Eqw1 which is also consistent with the
tunneling probability (1) and the transmittance (1) and the values in Fig. 3.10 (d). This
indicates that there is maximum current transmission at 1.4 V which is also seen in the

fitted I-V characteristics of the associated diode in Fig. 3.11.
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Figure 3.11. I-V curve of the MI*M diode having 4:1 (nm) thickness and 25:10 ¢ ratios
and same metal electrodes. The area and the effective mass ratio of the diode were

considered as 10* pum? and m™=0.5mo
3.3.2 Modelling of MI*M structures

Similar to MI’M structures, MI°M diodes can be modelled. Figure 3.12 shows two
different formations of MI°M diodes in cascaded and non-cascaded configurations
with same electrode work functions at Vi, =0 V. In the cascaded from (Fig. 3.12 (a)),
the insulators are aligned with an order of increasing barriers from left to right, while

the lowest barrier is placed between two other insulators in the non-cascaded form
(Fig. 3.12(b)).
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Figure 3.12. Energy band alignment of a MI°M diode having 1:3:1 (nm) thickness and
(a) 25:20:10 ¢ ratios for the cascaded and (b) 20:25:10 ¢ ratios for the non-cascaded.
Both configurations have same metal electrode work functions and the V,,, on M2 is

Z€10.

The barriers have been assumed to be 0.5 eV for the lowest, 0.7 ¢V for the middle, and
2.5 eV for the highest. At zero-bias, there is no QW in the cascaded formation, while
a bound state with an energy of Eqwi = 0.55 eV is observed in the QW of the non-
cascaded formation. As shown in Fig. 3.13 (a), the first bound state appears at Ve, =
0.69 V and the corresponding energy Eqwi is 0.46 eV with a tunneling probability of
0.30 and transmittance of 6.3 x 10” (see Fig. 3.13 (b)). On the other hand, there are
two bound states in the QW of the non-cascaded configuration where the energy gap
between the Er; and Eqwi1s 0.26 eV as shown in Fig. 3.13 (c). Therefore, the tunneling
probability (0.42) and the transmittance (2.1x 107) are higher as expected (see Fig.
3.13 (d)).
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Figure 3.13. Energy band alignment together with the transmission and tunneling
probability plots of (a)-(b) cascaded (c)-(d) non-cascaded MI°M diodes having 1:3:1

(nm) thickness and same metal electrodes at 0.69 V.

For comparison, the I-V curves of these two configurations in forward bias (Iforw) are
shown in Fig. 3.14. Maximum transmissions were seen at 1.75 V and at 1.40 V for the
cascaded and non-cascaded configurations, respectively. It can be seen that the current
density of the non-cascaded configuration is higher than for the cascaded one due to
the difference in the band alignment between two configurations. In the non-cascaded
configuration, the insulator with the highest electron affinity is placed between the
other insulators which forms a natural quantum well and increase the tunneling
probability at lower voltages. Further applications of the modelling presented here are
shown in Chapter 6 for two different MI°M configurations with the results compared

to the experimental I-V data.
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Figure 3.14. I-V characteristics in forward bias for cascaded and non-cascaded MI°M

diodes with same metal electrodes.
3.4 Circular-patch antenna design for 28.3 THz

In this thesis, a dipole microstrip circular patch antenna has been designed for the
integration with the MIM didoes to detect and rectify 28.3 THz radiation. A 3-

dimensional (3D) image of the dipole circular patch rectenna is shown in Fig. 3.15.

Top antenna

Bottom antenna

Rectifier

Figure 3.15. A rectenna structure with dipole (1 x 2) microstrip circular antenna

patches on Si10,/S1 substrate.

In order to maximize the coupling efficiency of incident EM radiation to the receiving
antenna, the antenna dimensions were optimised based on two main performance
parameters. These are the S11 (reflection coefficient or return loss coefficient) and the
voltage standing wave ratio (VSWR). The S11 parameter quantifies the amount of
electromagnetic energy reflected back to the source when there is an impedance

mismatch at the interface of two transmission lines or devices, such as an antenna and
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its feed line. It is expressed as decibels (dB) and has a negative value. In theory, S11
should close to infinity for a prefect impedance match. In practice, an S11 of -20 dB
implies a very good impedance match. The typical acceptable limit for proper

matching is -10 dB. Any value less than -10 dB is considered as mismatched [23].

VSWR is also a critical parameter to assess the performance of an antenna. The power
transfer efficiency between an antenna and its transmission line is determined by the
VSWR value. When an antenna is properly matched with the transmission line, the
voltage at the input of the antenna becomes same as the voltage at the output of the
transmission line. In this situation, The VSWR becomes 1, which means that no
reflections or losses occur as the power is completely delivered from the transmitter
to the antenna. For the majority of antenna applications, a VSWR value under 2 is
deemed adequate. This means that the antenna has a good match with the transmission
line and higher power is transferred to the antenna [23]. Therefore, when an antenna
is poorly matched, it often implies that the VSWR value exceeds 2 for a certain

frequency.

Based on the above mentioned performance parameters, the patch size was calculated
using the following equations for 28.3 THz frequency [24]. The actual radius of a

circular patch antenna is calculated by

F

a= y (3.22)
{1+ni?F[ln(:—£)+1.7726]} 2
__ 8.791x10°
F=22a (3.23)

where f, is the resonant frequency, h and ¢, are the height and static dielectric
permittivity of the underlying material. Since this equation does not consider the
fringing effect (which makes the patch electrically larger), the effective patch radius
is calculated by the following equation introduced by Balanis et al. [23].

ae = {1+ (%2) + 1.7726]}1/2 (3.24)

TErQ

The patch radius was initially calculated to be 1.57 um for 28.3 THz frequency based
on the Eqn. 3.24 and the dielectric permittivity (¢ ~3.9) of SiO substrate. After
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calculating the patch radius, for further optimisation, a dipole microstrip circular patch
antenna made from copper (Cu) patches was designed on SiO substrate material in
CST Studio design and simulation tool using the calculated values. A discrete port was
placed between the antenna patches, the S11 and VSWR parameters were checked in
order to observe the reflected and the transmitted power on the antenna, respectively
at 28.3 THz frequency. The optimized patch radius was found to be a,=1.49 um with
a 100 nm gap between the circular patches in the simulations using the optimization
tool of the CST studio software. The result is consistent with the antenna dimensions
published in [24] for 28.3 THz frequency. The designed antenna structure and the

radiation pattern is shown in Fig. 3.16.
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Figure 3.16. CST simulations for a dipole microstrip circular patch antenna showing

the directivity and the radiation pattern at 28.3 THz.

As shown in Fig. 3.17 (a), the S parameter is below -10 dB (-34 dB) around 28.3
THz which implies that the antenna can catch the incoming radiation at the desired

frequency. The antenna bandwidth can also be determined from Fig. 3.17 (a).
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Figure 3.17. CST simulations for a 1x2 rectenna showing the (a) Si1 and (b) VSWR

at 28.3 THz for dipole microstrip circular patch antenna.

If the bandwidth is defined as the frequency range where S11 is to be less than -10 dB,
then it would be 2 THz, with 29.2 THz high end and 27.2 THz low end of the frequency
band. There is also another valley around 47.6 THz (-13 dB) with a similar bandwidth.
A VSWR value of 1.04 (Fig. 3.17(b)) was also obtained for the designed antenna at
28.3 THz. The simulation results show the applicability of the design for 28.3 THz

rectenna operation.
3.5 Conclusion

In this chapter, the conduction mechanisms and modelling of MI"M diodes have been
discussed. An in-house MATLAB model was used to observe the formation of QWs
in double MI*M and triple MI°M insulator diode configurations. The location of bound
states where the electron waves propagate by means of RT in the QW have been
predicted. Therefore, the transmission and tunnelling probability of electrons through
these bound states have been calculated using the TMM method and WKB
approximation model. Then, the improved current transmission due to RT behaviour
have been observed on the I-V curves. An MI’M diode having 4:1 (nm) thickness and
25:10 € ratios, as well as same metal electrode work functions was chosen to observe
the RT characteristics. The left and right metal/oxide barriers were assumed to be 0.5
eV and 2 eV. It was seen that this configuration gives maximum current transmission
at 1.40 V. For the triple MI°M insulator diodes, two different configurations, cascaded
and non-cascaded, have been modelled for 1:3:1 (nm) thickness ratios. The ¢ ratios

were chosen as 25:20:10 for the cascaded and 20:25:10 & ratios for the non-cascaded
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formations. The barriers for three insulators were assumed to be 0.5 eV for the lowest,
0.7 eV for the middle, and 2.5 eV for the highest. The maximum current transmission
was seen at 1.40 eV for the non-cascaded and at 1.75 eV for the cascaded
configuration. Also, the overall current magnitude of the non-cascaded diode was
higher than for the cascaded one due to the formation of a natural QW at zero-bias
which increases the tunnelling probability at lower voltages. Modelling different diode
combination gives a useful idea of device performance prior to fabrication, as well as
allows for the experimental results to be predicted. Furthermore, a dipole circular
patch antenna was designed to integrate with the rectifier. The patch radius was
calculated to operate at 28.3 THz frequency. Then, CST Studio software was used to
simulate the designed antenna and optimize the performance. An Si; parameter was
found to be -34 dB with a 2 THz band width, while a VSWR value of 1.04 was
obtained for 1.49 pm patch radius and 100 nm patch gap. These two main performance

parameters indicate that the designed antenna can efficiently operate at 28.3 THz.
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Chapter 4



4. Experimental methods

In this chapter, the primary experimental methods used in the fabrication and testing
of MIM diodes are described. The sample preparation and processing techniques are
covered in sections 4.1 and 4.2, while the testing methods including variable angle
spectroscopic ellipsometry (VASE), X-ray photoelectron spectroscopy (XPS) and

current voltage (I-V) electrical characterisation are addressed in section 4.3.
4.1 Material deposition

The surface cleaning methods of glass and SiO2/Si samples, as well as the working
principles of thermal evaporation, radio-frequency (RF) magnetron sputtering and

atomic layer deposition (ALD) are explained in this section.
4.1.1 Sample preparation

The devices in this work were fabricated on ultra-smooth (0.32 nm rms roughness [1])
4 cm x 4 cm Corning glass (CG) using shadow mask evaporation and on 300 nm SiO>
on Si substrates using photolithography. 300 nm thick SiO/Si substrates were used to
ensure insulation and uniformity of the bottom electrode contacts. For CG substrates,
the cleaning process begins with dipping the glass slides in 10% Decon-90 surface
active cleaning agent and 90% water concentration for a few hours. Then, the samples
are washed under running de-ionised water (DIW) for a duration of 5-10 minutes.
Nitrogen (N2) gun is then used to blow dry the samples to remove any leftover water
droplets. After that, the substrates are cleaned with acetone and isopropanol (IPA) in
the ultrasonic bath for 10 minutes each and dried with N». Finally, they are placed UV
ozone cleaner for 2 minutes to remove any remaining residues. The cleaning process

is the same for SiO; on Si substrates except the Decon-90 and water solution step.
4.1.2 Thermal evaporation

Thermal evaporation, one of the physical vapor deposition processes, is widely used
in the microfabrication process to deposit thin film material on the surface of a sample
[2]. In the study presented in this thesis, a Moorfield minilab 60 thermal evaporator
was mainly used for metal evaporation in which high temperature plays an important

role. Au, Al and Cr metals were deposited using this technique. The difference in this
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method from other deposition techniques is the way of heating the target material. This
technique generally consists of the steps of forming the vapor phase, evaporating the
metal molecules from the source, accumulating the vaporised particles onto the
substrate and condensing [3]. A basic representation of the thermal evaporation
process is illustrated in Fig. 4.1. Thermal evaporation equipment has a vacuum
chamber that is evacuated before and after the process. After the substrate and the
basket filled with source material are placed in the vacuum chamber, it is expected to
reach the desired pressure value, generally in the range of 1 x10°% mbar and ideally
below. High vacuum is crucial to deposit high quality films by minimizing the gas
particles in the chamber and preventing any collision between the vaporised and the

other gas particles.

» Rotation holder

Deposition » Substrate

monitor

Figure 4.1. Basic schematics of a thermal evaporator [2].

Besides this, at low pressure, the mean free path of particles, which is the average
distance a particle can travel, is greater than the distance between the evaporation
source and the substrate material. Therefore, once the desired vacuum is obtained, the
basket is heated by Joule heating with the applied current until the energy required for
the separation of metal molecules from the source is reached. Since the target material
will evaporate upwards as shown in the Fig. 4.1, the sample is attached under a plate

(rotation holder) in the upside-down position above the evaporation source. For the
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films to be homogeneous, the plate containing the substrate is rotated at a certain
speed. In order to obtain the desired thickness, the evaporation rate is monitored using
the quartz sensor [4]. The ideal deposition rate for the metals is typically between 3-4
A/s [1]. In addition, a shutter located between the basket and the substrate is used to
prevent unwanted vaporized materials from reaching the substrate and to provide a
controlled coating, and it is controlled from the outside of the vacuum chamber. As
the particles accumulate on the substrate, the vapor particles finally form a nucleus.

This core formation continues until a thin film of the material is formed [5].
4.1.3 Radio-frequency (RF) magnetron sputtering

Sputtering is another physical vapour deposition (PVD) technique, which is a type of
vacuum deposition procedure used to produce thin films and coatings. The deposition
includes coatings of light materials, often metals and oxides to a range of surfaces
[6,7]. When intense particles (incoming ions) of a gas or plasma attack a substance,
also known as a target, the sputtering phenomenon occurs. If the incoming ions create
a series of collisions in the target materials and surpass the binding energy of the
surface, the atoms are freed. There are several versions of this technique, such as
direct-current (DC) magnetron sputtering, pulsed DC sputtering, and radio-frequency
(RF) magnetron sputtering. A basic representation of RF magnetron sputtering is

shown in Fig. 4.2.
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Figure 4.2. Basic schematics of an RF magnetron sputtering [6,7].
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The main difference of the RF magnetron sputtering from the DC magnetron
sputtering is that the target surface does not need to be electrically conductive. It may
also sustain a plasma at a lower pressure (1-15 mTorr) throughout the chamber,
considerably improving the growth rate [8]. This results in fewer ionised gas collisions
and more effective deposition. The RF magnetron sputtering provides certain benefits
which are faster deposition rates, cost-effectivity and production of higher quality
films on the substrates over the DC sputtering. Furthermore, magnetron sputtering in
general is a highly adaptable process for thin film deposition. Since the sputtering
target does not need melting or vaporisation of the source material, sputter deposited
films have a composition extremely close to the source material and stick on the
substrate better than evaporated films [8]. In this work, a Moorfield NanoPVD RF
Sputtering technology, which has several benefits as discussed above, was used to
deposit the metal and oxide layers. ZnO, TiO2 and NiO films were sputtered using an
Ar gas flow rate of 4-5 sccm and 45 W power. The Ar gas flow rate was kept at 5 sccm
for metal (Ti and Zn) sputtering and 52.5 W power was applied during the process. A
base pressure of < 1x10°® mBar was ensured before the deposition and the process

pressure was kept at 3-4x107 mBar.

The term "magnetron sputtering" refers to the employment of magnetic fields to
influence the behaviour of charged particles during the deposition process of
sputtering. It employs magnetic and electric fields to hold particles close to the target's
surface, boosting particle density and resulting in a high sputtering rate. The electric
potential supplied to the target material changes from positive to negative at a high
frequency (13.56 MHz) in RF sputtering, allowing electrons to directly ionise the gas
atom. Hence, this approach can be utilised for both conductive (metal) and non-
conductive (insulator) materials [1,2,6]. Usually Argon (Ar) ions are accelerated by
an RF electric field to interact with target made of the substance to be sputtered in RF
magnetron sputtering. For repulsion, introducing a regulated flow of Ar gas into the
vacuum chamber is required. The vacuum chamber is filled with free electrons. These
electrons are captured by the magnetic field near the target's surface and spin around
the target, then collide with the Ar atoms as they move through the high-density Ar
gas, forming positive ions [9]. Since the target is negatively charged, the positively
charged ions travel towards it and collide with its surface. These high-energy

interactions have the potential to separate atoms from the source material. Sputtered
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atoms are not attracted by a negative charge or magnetic field as they are neutral. The
target atoms can move freely via the vacuum chamber towards the substrate. As more
and more atoms are released from the target, the substrate is covered by the source
material. During the process, plasma flashes can be observed as a result of highly-
energetic particles near the target. The sputtering rate depends on the pressure and the
quantity of power. Collisions inside the plasma produce energetic ions to speed
towards the target with enough kinetic energy (KE) to remove molecules, and the

sputtered material travels through the vacuum chamber to coat the substrate [6,7,9].
4.1.4 Atomic layer deposition

An advanced chemical coating technique is known as atomic layer deposition (ALD)
which can form a thin film in the size of a single atom layer in a certain period of time.
The fact that ALD has a self-limiting structure sets it apart from other thin film
deposition techniques [10-12]. The reaction reaches saturation and stops after the
formation of a single atomic layer. In this way, it becomes possible to control the
coated thickness, realize a homogeneous coating and deposit even on the most difficult
geometric surfaces. A sequential process (Fig. 4.3) is applied to ensure that all
reactions take place on the surface. The processes end when an atomic layer has
developed on every surface, and the resulting films are usually stoichiometric. ALD
uses several different sources such as Al, Ti, Zn, and Hf depending on the deposited
material. Two or more chemical vapour or gas precursors are progressively sent into
the growth chamber during the deposition, where the reaction takes place and the

substrate is coated.
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Figure 4.3. Overview of an ALD process [10-12].
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As shown in Fig. 4.3, the source material for ALD is added to the reactor while it is
still in the gas phase (1). The purge and evacuation periods come after this process,
respectively. A full cycle requires two cycles of pulse and purge in order to eliminate
the by-products created in the time of pulse step. Each precursor forms a monolayer
as it saturates on the substrate surface. The thickness of this monolayer is related to
how reactive the precursor is to the substrate surface. The remaining cycle consists of
four phases (2)-(5), as seen in the (Fig 4.3). By repeating this cycle several times, the
necessary film thickness can be attained. The precursors are chemically adsorbed on
the surface, and once the surface is saturated, they stop adhering to it. The resulting
film's formation is self-contained. In other words, each cycle results in the same
quantity of material being deposited onto the film. This feature makes ALD
advantageous over CVD. A great conformation may be achieved by controlling the
film's thickness in accordance with the number of cycles [10-12]. Based on these
principles, it can be said that ALD has several advantages in the thin film growth
mechanism. These advantages are being able to achieve excellent conformality,

uniformity and precise film thickness.

The precursor material's vapour pressure also has an impact on the flexibility of the
precursors. The vapour pressure of the majority of metal-containing precursors, which
are either liquid or solid, is inadequate at ambient temperature. In order to raise the
vapour pressure, the precursors are heated to temperatures lower than their
decomposition temperature (~140°C). Molecular precursors are used in several ALD
procedures because transforming the elemental precursors into the gas phase is not
always viable. As a result, the ALD method only employs a relatively small number
of elemental precursors. Although ALD deposits layers slower than other techniques,
it is the best choice for creating a smooth, thin coating on a nano-structured surface
since its superior conformation. The reaction chamber, where the ALD process is
carried out, has a pressure range of 0.1 to 5 mbar, a temperature range of 50 to 400 °C,
and a gas flow rate range of 0.3 to 1.0 SLM (standard litre per minute) [10-12]. A
conventional thermal ALD using a Cambridge Nanotech Savannah reactor in
Materials Science and Engineering Department at University of Liverpool was utilised
to deposit Al2O3, Nb2Os and Ta»Os thin films in this study. The deposition conditions

of these oxide are explained in Chapter 6 in detail.
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4.2 Device patterning

Two different patterning techniques, which are shadow mask evaporation and
photolithography, were used to fabricate the MIM diodes in this study. The details of

both methods are explained in Sections 4.2.1 and 4.2.2, respectively.
4.2.1 Shadow mask evaporation process

In Fig. 4.4, the mask design for shadow mask evaporation process is shown. The mask
was made from 4 cm x 4 cm magnetic nickel (Ni) metal sheets. Figure 4.4 (a) shows
the bottom electrode pattern of the mask which includes 64 device patterns. For the
fabrication process, the mask is initially placed on the CG substrates having the same
dimensions and fixed with the aid of magnet sheets from the back side of the substrate.
Therefore, the bottom electrodes can be formed by the metal deposition. The second
step involves the oxide deposition. The whole substrate is coated with the thin
insulating layer(s) including the contact parts. Then, mask is again placed on the
sample by rotating 90° (Fig. 4.4 (b)) and using the alignment marks (4 squares in the
corners) to overlap the bottom and the top electrodes and sandwich the oxide layer
between them. The zoomed-in image of the overlapped single devices with 100

pumx100 um areas are shown in Fig. 4.4 (c).
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Figure 4.4 Shadow mask design; (a) bottom electrode pattern, (b) overlapped top and

bottom electrodes and (c) zoomed-in image of the separate devices.

Since the deposited oxide layers are very thin, the oxide etching step for accessing the
bottom contacts can be omitted. The probe station needles are used to scratch the oxide
layer to have connection with the bottom contacts. The process flow of shadow mask

evaporation and the MIM device cross-sections are shown in Fig. 4.5.

106



TE deposition

CG substrate cleaning BE deposition Oxide deposition Patterning 104 ym?2
DECON 90 with DIW, Patterning via shadow RF Sputtering or ALD device areas via shadow
Acetone, propanol, UV mask evaporation mask evaporation

ozone cleaner I
i Y
Devic-:e area

Corning glass

Figure 4.5. Process flow for patterning the MIM diodes using shadow mask.
4.2.2 Photolithography process

Two different photomasks (light field and dark field) each having 20 single rectenna
elements were designed for the photolithography process. The patch radius of the
circular antennas was determined as 339 um using Eqns. 3.22-3.24 for detecting 76-
81 GHz radiation based on the available radiation source to fabricate a proof-of-
concept device. The mask has 3 main columns as shown in Fig. 4.6. Left column (Fig.
4.6 (a)) is the bottom electrode (BE) pattern for metal deposition using the UV aligner
with a single photoresist layer, middle column (Fig. 4.6 (b)) is for oxide
deposition/etching and the right column (Fig. 4.6 (c)) is for patterning the top
electrodes (TE) with a final UV alignment on a single photoresist layer. In each layer,
there are antenna arms attached to the patches and act as metal electrodes with line
widths ranging from 1 pm, 2 um, 4 um and 8 um to fabricate 1 pm?, 4 um?, 16 pm?
and 64 pm? devices when the TEs are overlapped with the BEs.

(@) (b)

1mm

Figure 4.6. Mask layout for single rectenna devices showing (a) top contacts, (b) oxide

etching layer and (c) bottom contacts.

The alignment steps for the BEs, oxide deposition and the TEs are shown in Fig. 4.7.
After the BE patterning and the consequent metal deposition, the middle column
(shown in Fig 4.6 (b)) is aligned at the edge of the bottom circular patches to cover the
BEs. This step is shown in Fig. 4.7 (a) for the whole devices and in Fig. 4.7 (b) for a

zoomed-in image of an individual device.
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Then, depending on the process (light field and dark field), either lift-off or etching
steps can be applied to open access for the bottom electrodes. This step can be omitted
for the single devices similar to the shadow mask evaporation process and probe
needles can be used to scratch the oxide layer and have contact with the bottom metal

layer for ease of fabrication.

(@)

. Circular.patches .

- Overlapped diode area

|

S

Figure 4.7. Different layers of the photomask showing (a)-(b) the alignment of BEs
with the oxide etching layer, (c)-(d) alignment of TEs with the BE layers and (e) the

overlapping bottom and top rectenna arms to form the diode area.
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However, this step is necessary for fabricating arrays since the antennas must be
interconnected in an array structure and need ohmic conduction for the current to flow.
Fig. 4.7 (c) shows the last step of the alignment which is the TE patterning. The top
layer is aligned on the BEs using the alignment marks, so that the oxide layer is
sandwiched between the top and bottom antenna arms to from the MIM diode device.
The cross-bar structure of the aligned metal electrodes is shown in the zoomed-in
image in Fig. 4.7 (d). The detailed process flow and the device cross-sections at each
step are shown in Fig. 4.8. After the standard cleaning procedures which were
explained in Section 4.1, the process begins with spin coating of a single S1813

positive photoresist (PR) layer on the 300 nm SiO»/Si substrate.

p-Si
(1) Substrate cleaning (2) Spin coating S1813 (3) UV exposure via (4) Developing
positive PR aligner
(5) BE deposition (6) Lift-off (7) Oxide deposition (8) Spin coating S1813
positive PR
_. MM device area
S ———
(9) UV exposure via (10) Developing (11) BE deposition (12) Lift-off and opening
aligner access for BE

Figure 4.8 Process flow and the device cross-sections of single rectenna device.

The spin recipe includes spreading the PR for the first 5 seconds at 1000 rpm, and then
coating the sample at 3000 rpm for 50 seconds. After that, the bottom layer is patterned
by aligning, UV exposure for 20-22 seconds, developing the exposed parts in a
Microposit developer concentrate for 50-60 seconds and then rinsing the sample with
DIW. This is followed by the oxide deposition using either RF sputtering or ALD. The
final TE layer is fabricated using the same steps as the BE fabrication. A Karl Suss
mask aligner with a UV light source has been used for the photolithography processes
in this study.
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4.3 Characterisation methods

The deposited thin films and the fabricated devices have been assessed by several
characterisation methods including, VASE, XPS, and electrical measurements. In this

section, these processes are explained in detail.
4.3.1 Variable angle spectroscopic ellipsometry

The Spectroscopic ellipsometer (SE) is an optical characterisation tool that measures
the change in the polarization of light when it refracts and reflects from a material
[13]. The change in polarization is expressed by the amplitude ratio (y) and the phase
difference (A). The obtained data depend on the optical properties of each material, as
well as the thickness of the measured film. In this way, the SE can be used to determine
the film thickness and the optical constants of the materials. In addition, the SE can be
used to determine the composition, crystallization level, surface roughness, doping
concentration and defect energy states of materials. Light with random parallel (p),
perpendicular (s) components (planes) and phase of the electric field is called
unpolarized light. On the other hand, the light that shows a certain orientation and
shape at every point is called polarized light. The polarized light can be classified as
three groups namely linear, circular and elliptical. The polarization of the light can be
changed using a suitable polariser by absorbing light in a certain direction. If the light
has two perpendicular s and p planes with uneven amplitudes and a 90° difference in

phase, it is called an elliptically polarized light.

The working principle of ellipsometry can be explained as follows. The unpolarized
light from the light source is converted into a linearly polarized light beam with the
help of a polarizer. The electric field of the resulting light beam can be divided into s
and p vector components in two planes. The p-plane contains the incident and passing
rays, while the s-plane is perpendicular to this plane. The linearly polarized light is
converted into circularly polarized by a compensator [14]. The electric field of the
light beam reflected from the sample surface is also divided into p-plane and s-plane
components. Reflected light is typically elliptically polarized. This is where the
“ellipsometry” name comes from. An example of a SE measurement setup is shown

in Fig. 4.9.
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Figure 4.9. Schematic representation of a basic spectroscopic ellipsometry

measurement setup [13].

The reflected light coming from the sample to the detector is analysed using change
the polarization condition. The measured change in polarization gives the information
about properties of the material. Mathematically, the change in polarization is denoted
by;

out /pin
— in _ Ep/Ep _1p
p=tan(Ple™ = o rm = -

4.1)

Ts

where 7, and 7y indicate the Fresnel reflection coefficients based on the p and s

components of the polarised light wave, respectively. The SE measures p as a function
of wavelength and angle of incidence. After the measurement, the data can be be
analysed to determine the optical constants, layer thicknesses and other associated
properties. The analysis is done based on a systematic procedure. Following the
measurement, a suitable theoretical model is generated to match with the experimental
data and describe the material. Then, the Fresnel equations, which give thickness and
optical constants for each material, are utilised to compute the projected response
using the model. For the initial calculation, estimated values are provided if these
quantities are unknown. Following that, the calculated values are compared with the
experimental results. To improve the fit between the experimental results and the
theoretical model, the unknown material parameters might then be adjusted. However,
the quantity of unknown variables in the experimental data should not exceed the
number of known parameters [15]. In other words, the two data points of 1 and A can
be obtained from a single wavelength SE measurement, allowing the determination of
a maximum of two material parameters. Regression analysis is frequently used to

determine the model's best fit with the experimental data. The difference between the
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theoretical and the experimental curves is calculated using an estimator, named as
Mean Squared Error (MSE). In order to get the lowest MSE values, the unknown
parameters are changed. Simultaneously, the optical parameters of the associated
material are checked to have meaningful physical parameters within the optical range.
The optical properties can be either defined by the complex refractive index (1) or

complex dielectric functions (€). These functions can be expressed as
n=n+ik (4.2)
é = 81 + igz (43)

where n is the refractive index, k is the extinction coefficient, €; is real and &, is the
imaginary parts of the complex dielectric function. The Kramers-Kronig consistency
between the real and the imaginary part of the dielectric function should be preserved

in the fittings [16].

The fitting can be done using a series of oscillator models usually based on Lorentz,
Tauc-Lorentz and Gaussian transformations. The material losses, or the characteristics
of the defects, are modelled by the oscillators. Each oscillator has a specific resonance
frequency that is correlated with the location of the defect energy state within the band
gap. These defect levels resonate at specific incident frequencies, exhibiting
absorption in the material. These oscillators are responsible for the 1 and A values

which help to find the defects.

The following Eqn. 4.4 is frequently used to describe the Cauchy relation in

transparent materials.
B  C
n(A) =A+ 1z + 1= (44)

where the terms A (amplitude), B (broadening), C (centre energy) are adjusted to the
material's refractive index and A represents the wavelength. The term A specifies the
index range, whereas B and C determine the shape of the dispersion. Initially, the
thickness and the amplitude of the theoretical and experimental i and A values are
compared, and A is changed until they are in agreement. Then, the B parameter can be
added in the fitting. The C parameter is fitted to see if the MSE value decreases by

more than 10%, otherwise, it is not taken into account in the model. It is noted that the
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KK consistency is not preserved in the Cauchy relation which can result in unphysical
optical dispersion. Another typical model that is used in the transparent region is the
Sellmeier relationship (Eqn. 4.5) which preserves the KK consistency and maintains

a physical dispersion relation [14,15].

n= \/8(00) + Ajf; — EA2 (4.5)

where €(o0) stands for the index offset, A for amplitude, B for centre energy and the

E for the pole position in the infrared [15].

It is more challenging to assess the SE measurements in absorbing region of the
materials than in the transparent region. This is due to the unknown optical constants
(n, k) of the materials with respect to the wavelength prior to the measurements.
Usually, the absorbing films also have a transparent region where the Cauchy or
Sellmeier equations can be used for modelling. Nevertheless, the absorbing regions
needs to be considered for the real (&) and imaginary (&,) parts of the optical
constants. There are several other methods for modelling the absorbing materials using
basis spline (B-spline) and general oscillator (Gen-Osc) models. These two methods

were also frequently used in the modelling of oxides films in this study.

The B-spline model is ideal for the films having partially transparent and absorbing
regions which allows the ellipsometer to determine the beginning of the absorption.
This method uses a set of control points that are evenly spaced in photon energy to
specify the optical constants (n, k) or the real (g;) and imaginary (&,) parts of the
dielectric function with respect to the wavelength. A spline function is composed of
polynomial segments constructed in a way to retain continuity up to a specified degree

of derivation. A B-spline function can be expressed as

1 t;,<x<t
B_O — I =7 =%+1 4.6
i (%) {O otherwise’ (4.6)
0 _f x-t k-1 Citk+1—X k-1
BP(x) = ((=25) BT () + (F ) B (o). 4.7)

where the degree of the B-spline is denoted by k. The knots (t;) on the x-axis indicate
where the segments of the polynomial connect and defined by i. 0-degree B-spline

functions are defined by Eqn. 4.6, and Eqn. 4.7 is used to generate higher degree basis
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functions. It is thus possible to create a spline curve S(x) by adding the linear sum of

n number of basis functions using
S(x) =X, ;B (x) (4.8)

where c; are the coefficients for the i®" B-spline function. Numerous advantageous
characteristics make B-spline curves ideal for modelling dielectric functions. B-spline
curves are continuous, as are their derivatives up to the order of spline minus one. The
node amplitudes that define the final curve are linearly independent because the basis
functions only depend on the position of the nodes, considerably enhancing the
efficiency of calculations. The B-spline recursion formula can be used to produce KK
consistent basis functions by using the KK integral, such as the KK transform of ¢, is

used to determine the shape of the &; curve [15,17,18].

The Gen-Osc layer is an additional technique for analysing absorbing films that can
be employed independently or after preliminary B-Spline modelling. This layer
defines the form of the absorption to model the absorbing features. There are several
different oscillator models such as Pole, Gaussian, Lorentz, Drude, Harmonic, Tauc-
Lorentz and Cody Lorentz. Despite the fact that they are all unique, they all perform
similarly. In order to have a good match with the optical constants of actual materials,
the oscillators have variable parameters. Oscillators having a centre energy (E,),
amplitude (A), and broadening (B) are used to define the &, curve and the shape of the
&, 1s generated using the €, values based on the KK consistency. In order to take into
account the absorption features outside of the measured spectral region, there is
additionally an &; offset parameter which is a real constant introduced to &;. The

definitions of typical Gen-Osc models are given as follows [15,19].

Oscillators with zero-broadening are defined by Poles. As a result, they only have an
impact on the &;. They can be used to define the dispersion caused by the absorption
out of the spectral region. The Poles can be expressed as

An

&n

Gaussian is another oscillator type which generates a Gaussian curve for ¢, and a KK

consistent &; which are defined as
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where i is the number of oscillators, I' is the convergence series function, A and Z are
the real and imaginary parts of the amplitude, B denotes the broadening, C is the centre
energy, 4 is the wavelength at a specific photon energy (eV) and kj is a constant. In
this layer, the amplitude corresponds to the height of the €, peak at the centre energy
of the oscillator and the broadening defines the full width at half maximum (FWHM)
of the oscillator. Therefore, if the type of an oscillator is changed, the new oscillator

will maintain the same height and FWHM as the previous oscillator.

A fundamental line shape used to define the optical properties of absorbing materials
is called a Lorentz oscillator. The definition of the Lorentz equation is as follows.
_ Z ((Aj+iZj)BjCj) n 4.12
E= 2 C?-22-iB;2 €oo (4.12)
The Drude model describes the impact of free carriers on the response of the dielectric
layer. The shape of the Drude resembles a Lorentz oscillator without the resonance
energy which is expressed as below.

i4tTh?

S(A) =& T p(hA+iA%T)

(4.13)

where f is the reduced Planck’s constant, p is the DC resistivity and 7 is the mean

scattering time.

As another type, harmonic oscillators can be written as follows.

e=Y; {(Aj + iZj)§ B <c,--a_1l-(§B,-) + cj+a_1i(§sj)>} + &0, (4.14)
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A harmonic oscillator takes on the characteristics of a Lorentz oscillator when the

broadening is significantly less than the centre energy.

Two other oscillator types, namely Tauc-Lorentz and Cody-Lorentz are also useful for
modelling amorphous films. The key distinction between these two models is the way
of modelling the absorption features at the energies just above the energy gap where
the Tauc-Lorentz uses the Tauc law (Eqn. 4.15) and the Cody-Lorentz uses the Cody
formulation (Eqn. 4.16) in this region. The expressions of these two types are written

as follows.
£,(E) ((E - Eg)Z/EZ) (4.15)

£,(E) o (E — E,)’ (4.16)

For the Tauc-Lorentz oscillator, the fit parameters include the Amplitude (Amp),
Broadening (Br), centre energy (E;) and the band gap (E;). The Cody-Lorentz
oscillator additionally has E;, and E; terms which are the transition energies where the
absorption features change from Lorentzian to Cody and Cody to Urbach behaviour,
respectively. The additional Urbach absorption term is part of the Cody-Lorentz type

which is the inverse of the sub-gap absorption coefficient's logarithmic slope [15,19].

In this study, the variable angle spectroscopic ellipsometry measurements of reference
oxide films were conducted using a J.A. Woollam M-2000 ellipsometer within a
spectral range of 0.7-5.2 eV at angles 65-75° in 5° steps. The precision of ellipsometry
measurements have been improved by changing the angle of incidence around the
Brewster angle where the p-plane is only refracted but not reflected [16]. The “VASE”

term comes from this application.
4.3.2 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a surface characterisation method which is carried
out in a high vacuum chamber by targeting the sample surface with a monoenergetic
X-ray source [20]. The photoelectric effect causes the emission of electrons from the
sample as a result of the interaction with the X-rays. XPS enables the analysis of

electrons that come from the core level to the valence levels, producing distinctive
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spectra for each identified element [21]. The following Eqn. 4.17 is used to determine

the kinetic energy (KE) of these captured electrons.
KE = hv — BE — ¢ (4.17)

where hv is the energy of the X-ray source, BE is the electron's binding energy, and
¢, is the spectrometer's work function. Mg (Mg ka) and Al (Al ka) sources are the
two typically used X-ray sources, and their photon energies are 1253.6 eV and 1486.6
eV, respectively. The energy difference between the initial and the final states after
the photoelectron has left the atom is known as the binding energy (BE) [21]. Due to
the fact that every element has a distinct electron configuration, it is possible to
identify the elements present in a sample by analysing their spectra. A basic schematic

of an XPS setup is shown in Fig. 4.10.

Auger electrons may also be released and detected in addition to the electron emission
from the photoelectric effect. The relaxation of the excited electrons following
photoemission causes emission of the auger electron. A higher orbital electron relaxes
into a hole that forms in the inner orbital caused by the photoelectric effect.
Consequently, a photon with the same energy or an electron from the higher energy
orbital is emitted. This happens within a few tens of femtoseconds (fs) when the
sample emits a photoelectron. Additionally, the Auger electron energy is equal to the
energy difference between the initial and double charged final ions. Thus, photo-
ionization results in the emission of two electrons, whose combined KFE is lower than

or equal to the energy of the ionising photons [20-22].

Electron
Vacuum chamber energy
analyser
Electron o
collection R g
Lens y % [ Augers =
b )
X-ray gl
source z
Detector 2
Photonsqzt‘ € -
1400 1200 1000 800 600 400 200 o -200
Binding Energy (eV)

Figure 4.10. Basic components of an XPS system [20].
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X-rays can penetrate to depths of a few micrometres, while XPS measurements are
only accurate to a few nanometres. This is due to the interaction between electrons and
matter, which allows electrons that are emitted a few nanometres below the surface to
escape without colliding with other particles. An electron spectrometer detects the KE
values of the electrons to identify those that are generated without any energy loss.
Only electrons inside the defined energy window are detected by the analyser, which
operates in a region known as the pass energy. For measurements, the analyser's
acceptance energy is adjusted across the measurement range while the pass energy is

fixed [20-22].

For the elemental analysis, there are several peak lines with various binding energies
in the observed survey spectrum. Each observed peak is distinct and depends on the
measured element's chemical composition as well as the spin orbital—s, p, d, or f—
from which the electron is released. The strongest core levels can be used for elemental
analysis. For example, Titanium (T1) survey spectra is composed of 2s, 2p, 3s, 3p core
levels and Ti 2p can be used to identify the element as a strong core level peak.
Following the ionisation, orbital splitting occurs, resulting in the separation of the two
binding energy lines that is specific to the element such as pi.2, p3i2, dsi2, dsp, {52 and
72 [20]. The Ti 2p has two peaks those are Ti 2p12 and Ti 2p3»2 which correspond to
energies around 464.5 eV and 458.8 eV, respectively. The CasaXPS software is used
to analyse the measured core level spectra. Besides the elemental analysis; secondary
electron cut-off (SEC), valence band maximum (VBM), as well as the electron affinity

() of materials can be extracted.

Secondary electron cut-off (SEC) measurements can be done by first biasing the
sample to differentiate the SEC values of the sample and the analyser, with the nominal
value of 1, (such as -10 V), and then measuring the SEC edge and a reference core
level under the same conditions. This reference core level can then be compared to the
non-biased core level to determine precisely the energy shift. Once adjusted for the
energy shift, the SEC can be determined by linear intersection of the edge with the
spectra background. The valence band edge was also determined in a similar way, by

the linear intersection of the edge with the spectra background.

The electron affinity (y) is then found using the extracted SEC, VBM and the applied

bias during the measurements and expressed as

118



x=1E —E, (4.18)
where
IE = q¢ + VBM (4.19)
and
qp = hv — SEC — qVapp (4.20)

IE is the ionization energy, VBM is the valence band maximum found from the

valence band edge and Ej is the band gap [23]. The XPS measurements in this study

was done in Stephenson Institute at University of Liverpool using a SPECS
monochromated Al k-a X-ray source (hv = 1486.6 eV) with energy step size of 0.03
eV and integration time of 0.25 s per step, operating at 150 W for core level (CL) and
valence band scans, while 9 W for secondary electron cut off scans in an ultra-high
vacuum chamber at a base pressure of ~10"'® mbar. A detailed XPS study on RF

sputtered metal oxide layers including these analyses is conducted in Chapter 5.
4.3.3 Electrical Characterisation

Direct-current (DC) current-voltage (I-V) characteristics of the fabricated diodes were
measured using an Agilent-B1500 semiconductor measurement unit (SMU) integrated
with a probe station and an optical microscope in a dark screened environment. The
DC I-V sweeps were performed from zero to negative and zero to positive voltages
with the step voltage of 1-10 mV to observe the possible shifts in the origin of the
curves, as well as to avoid any potential charging effect in the oxide layers.
Investigating the rectification characteristics and the conduction mechanism of the

rectifier structures is the purpose of the DC I-V experiments.
4.4 Conclusion

In this chapter, details of the experimental methods including sample cleaning,
material deposition and characterisation equipment have been summarised. The metal
electrodes in this work have been deposited using thermal evaporation and RF
sputtering. Deposition rate of the thermal evaporation was maintained between 3-4
A/s to avoid surface roughness and have uniform Au and Al metal electrodes. The Ar

gas flow rate and the applied power for the sputtered metals (Ti and Zn) were 5 sccm
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and 52.5 W, respectively. The ZnO, TiO2 and NiO layers were also deposited using
RF sputtering at 4-5 sccm gas flow rate and 45 W power to control the thickness and
have a repeatable deposition process. A base pressure of < 1x10°® mBar was ensured
before the deposition for both evaporation and sputtering processes to provide high
quality deposition by preventing any collision between the vaporized material and the
other particles in the vacuum chamber. ALD technique has also been used to deposit
Al O3, Nb2Os and TayOs thin films for MIM fabrication. It provided an excellent

control in the film thickness and the oxide uniformity.

The devices have been patterned using two different methods which are shadow mask
evaporation and photolithography. Shadow mask evaporation has the advantage of
being fast and easy to process which is important to fabricate different diode
combinations prior to photolithography. The device area of the shadow mask patterned
diodes was 10,000 um?. A conventional photolithography tool was also used for
fabrication of scaled devices to improve the diode coupling efficiency for high
frequency operations. Devices having four different areas (1 pm?, 4 um?, 16 pm? and
64 um?) have been fabricated using this technique to study the effect of device scaling

on rectification performance.

VASE analysis has been used to determine the thickness, optical properties, band gap
and the quality of the deposited oxide films. The reference samples of deposited oxide
films on Si substrates were prepared simultaneously together with the actual devices
in the ALD or RF sputtering chambers for the VASE analysis. The XPS measurements
were used for elemental analysis of deposited thin films, as well as to determine their
electron affinity. Finally, the fabricated diodes have been characterised by DC I-V
measurements to assess their rectification performance such as dynamic resistance,
responsivity, asymmetry and non-linearity using a semiconductor parameter analyser

integrated with a probe station.
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Chapter 5



5. Physical and electrical characterisation of metal oxide thin films

In this chapter, film quality and material properties of deposited oxides have been
studied using several experimental techniques. These include VASE, XPS and I-V
measurements. Initially, a sub-band gap analysis has been carried out on SiO2/Si
samples to evaluate the gate oxide for inclusion in Si power MOSFETs. The samples
were prepared by Nexperia semiconductor company using different oxidation
(including wet and dry oxidation) methods for comparison. Furthermore, TiO2, ZnO
and NiO films were deposited on bare Si substrates using RF sputtering method. These
samples were measured by VASE and XPS to analyse thin oxide films optical
properties (n, k), as well as to extract their band gap values (E,). Additionally, a band
gap analysis was done on two different plasma-enhanced (PE) and thermal ALD TiO»
thin films prepared by AMO, Germany for comparison with the in-house RF sputtered
TiO films. The I-V characterisation was carried out on two different 3 nm ALD AL2O;
based MIM diodes with Au/Au and Au/Ti electrodes prepared by shadow mask to
examine their conduction mechanisms. The VASE and XPS results on the RF
sputtered oxide films in this chapter have been submitted to Journal of Applied

Physics. The manuscript has been accepted for publication after minor revision.

5.1 VASE analysis on oxide thin films
5.1.1 VASE analysis on SiQ2/Si wafers for Si power MOSFET gate oxide layers

A particularly important class of power switching transistors are silicon power metal-
oxide-semiconductor field-effect transistors (Si power MOSFETs). They are produced
with drain voltage ratings ranging from approximately 8 V to 1 kV [1-3]. Si
MOSFETs are expected to be in widespread usage for the near future, particularly at
drain bias ratings under 200 V. The reliability of Si power MOSFETs has been
improved over time including the reliability of the gate stack technology. It is known
that power MOSFETSs under gate bias stress can become unstable due to underlying
changes in gate-oxide trapped charges and the formation of interface states. The
occurrence of these charges due to the specifics of the gate oxidation process is less

understood [1-6].

In this section, different oxidation methods that were used to produce SiO gate oxides

for power MOSFETs have been evaluated. The samples were prepared by Nexperia
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semiconductor company. It is well-known that gate bias stressing in power MOSFETs
can lead to instability through underlying changes in gate oxide trapped charge and
generation of interface states. Less well-known is the role played by details of the gate
oxidation process in the manifestation of these effects. The VASE point-by-point

analysis was performed to gain understanding of defects in these oxides.

A selection of thermal oxides shown in Table 5.1 were grown on bare (100) silicon
wafers after the industry standard wet cleaning procedure of Nexperia. The growth
process was carried out in the same manufacturing equipment that is used to develop

the gate oxides of Nexperia power MOSFETs.

Table 5.1. Preparation methods, thicknesses, » and MSE values of the SiO> on Si

samples measured by VASE at single points on the wafers.

o Thickness n
Sample Deposition method (£ 0.1 nm) @ 1.96 eV MSE
Native i 1.37 ; 132
oxide
Wet 100% wet oxidation at 800 °C 72.3 1.48 1.96
Standard 50% wet oxidation at
Wet-dry | 800 °C then 50% dry dilute at 74.4 1.46 1.67
1100°C
Dry 900 °C dry oxidation 74.3 1.47 1.84
50% dry dilute at 1100 °C then
50% wet oxidation at 800 °C
Dry-wet (Order reversed compared to 758 1.47 179
wet-dry)

The oxides (wet, wet-dry, dry and dry-wet SiOz) were grown following the recipes
stated in Table 5.1. The layers had the same nominal thickness of 75 nm. It can be
seen from Table 5.1 that wet oxidation produced thinner oxide of ~72 nm. The SiO»
thicknesses measured at single points around the centre area on the samples are shown
in Table 5.1. In addition, Nexperia fabricated power MOSFET chips using the same
gate oxide processes as those used in the samples for the ellipsometry measurements

and performed electrical characterisation on their fabricated devices.

The test wafers were measured using J.A. Woollam M-2000 spectroscopic
ellipsometer having a spectral range between 0.74 eV - 5.1 eV. Data acquisition was

performed by the default CompleteEASE software and then transferred to the WVASE
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software for point-by-point analysis. For the point-by-point analysis, initially the
native oxide thickness of bare Si substrate is determined and used in the oxide fittings
as a usual SE fitting procedure. The thickness of the oxide layers is then modelled by
a suitable theoretical model and fixed. In this analysis, Cauchy relation was used as
the theoretical model since it was the most suitable way for modelling the transparent
Si0O; layers. As an example, the Cauchy model that was used for fitting wet oxidized
SiO; on Si sample is shown in Fig. 5.1 (a). As explained by Eqn. 4.4, the A
(Amplitude), B (Broadening) and C (Centre energy) are the Cauchy parameters to
determine the thickness and the refractive index (n) of the layer. The k Amplitude,
Exponent and Band Edge parameters in the model are normally used to determine the
shape of the extinction coefficient (k) and they were not used in this fitting since the

Si0O; layer was only measured in the transparent region.

90 300

[—— ¥ (65.00°) —— A (65.00°)
R 200

{1 (70.00°) = A (70.00°)
|——W (75.00°) —— A (75.00°)
= = = Cauchy model

60 -
_ . =2 +100 <
-|Layer # 2 = Cauchy Thickness # 2 = 72.30 nm (fit)

A = 1.478 (fit) B = 0.00127 (fit) C = 0.00012423 (fit) 30- \

k Amplitude = 0.0000 Exponent = 1.500 L0

Band Edge = 3.100 eV
Layer #1 = NTVE_JAW Native Oxide = 1.37 nm
Substrate = SI_JAW 0 -100

o 1 2 3 4 5
(a) (b) Photon Energy (eV)

Figure 5.1. (a) Cauchy model and (b) experimental y (amplitude ratio) and A (phase
difference) parameters measured at 65°, 70° and 75° angle of incidences fitted with

theoretical models for SiO2 on Si samples.

Other models such as default Si02.MAT, SiO2.JAW and SiO> (Sellmeier) in the
CompleteEASE software library were also checked for comparison but the Cauchy
relation provided lowest Mean-squared-error (MSE) values. The MSE represents the
accuracy of the fittings based on the standard deviation between the experimental data

and the theoretical model. It is expressed by [7]:

1 N wmodel_ngperiment 2 Amodel_At_experiment 2
MSE = e Z + |~ —=en >-1
IN—M =1 o_experlment o_expenment ( )

Wi A
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where N is the number of measured points of ¥ and A, M is the total number of fit

experiment
i

experiment

parameters, o, and o, are the standard deviations of ¥ and A

parameters. The MSE value increases with the thickness and the complexity of the
measured thin films. It also changes depending on the type of the substrate materials
[8]. An MSE < 10 can be usually considered a good fit depending on these conditions
[7,8]. For this sample set, MSE < 2 can be considered acceptable. The resulting fits
for the Y and A parameters for the wet oxidized SiO sample are shown in Fig. 5.1 (b)
where they exhibited a good fit with an MSE value of 1.95. All the other measurement

results also matched this criterion as shown in Table 5.1.

After the single point measurements, mapping analysis was done on each sample by
scanning the wafers using the automated mapping tool of the ellipsometer to check the
film uniformity. In this method, the results of the single point measurements were used
as the reference models for the mapping analysis and the wafers were scanned at 70°
angle of incidence. The maps were formed by measuring 29 different points on each
sample within an area of 63.6 cm?. Initially, the reference Si substrate was scanned to
check the surface uniformity (Fig. 5.2). As seen in Fig. 5.2 and Table 5.1, the native
oxide layer on the reference Si wafer was uniform and had an average thickness of 1.4
nm. Therefore, this thickess value was used in the native oxide models during the

mapping analysis of SiO: layers.

(a) (b)

Native Oxide in nm vs. Position MSE vs. Position
1.42 6
I 1.41 4
1.40 2
1.39 E 0
>
1.38 -2
1.37 -4
. 1.37 -6

X (cm)

Figure 5.2. (a) Thickness, and (b) MSE mapping results for the native oxide layer on

bare Si substrate within a scan area of 63.6 cm?.

The thickness, n and MSE of the mapping results for each sample (wet, wet-dry, dry
and dry-wet) are shown in Fig. 5.3. The results show that the SiO; layers grown with

different methods have a good surface uniformity with a maximum standard deviation
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of 0.3 nm in thickness for the dry oxidized sample. The average n value also differs +
0.02 between different oxidation methods and also consistent with the literature values
(n = 1.46 for SiO2 [9]). The highest average MSE value was found to be 2.4 for the

dry-wet oxidized sample which is still acceptable.
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Figure 5.3. (a) Thickness, (b) #» and (c) MSE mapping results for wet, wet-dry, dry and

dry-wet samples within a scan area of 63.6 cm?.

The details of the mapping measurements are summarised in Table 5.2.
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Table 5.2. Mapping results of the SiO2 on Si wafers including thickness, n» and MSE

values.
Sample Parameter | Average Minimum Maximum Starfd%rd
Deviation
Thickness
Native (o) 1.40 1.37 1.42 0.01
oxide MSE 1.62 1.50 2.62 0.20
Thickness 72.11 71.77 72.30 0.13
(nm)
Wet n@1.96 eV 1.48 1.48 1.49 0.00
MSE 2.10 1.95 2.87 0.17
Thickness 73.78 73.59 74.14 0.13
(nm)
Wet-dry | n @ 1.96 eV 1.47 1.47 1.47 0.00
MSE 2.07 1.92 2.97 0.19
Thickness 73.00 72.67 73.97 0.30
(nm)
Dry n@1.96 eV 1.48 1.48 1.48 0.00
MSE 2.04 1.90 3.04 0.20
Thickness 7475 7437 75.28 0.24
(nm)
Dry-wet | n@ 1.96 eV 1.48 1.48 1.49 0.00
MSE 2.42 2.31 333 0.18

After these measurements, the point-by-point analysis was carried out on the SiO;
layers. In this analysis, the optical properties are extracted by fixing all the variables
in the modelling process except the real (&;) and imaginary (&,) parts of the dielectric
function. A detailed account of point-by-point was done by Price et al. [10,11]. The
method involves directly inverting the ellipsometry data to extract the optical constant
for each wavelength measured independently. It can reveal certain defect energy levels
within the band gap. Mitrovic ef al. [12] also studied the sub-band gap absorption
features of Tm2O3 on Ge using the same method. A detailed explanation of this method

is illustrated in Fig. 5.4.
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Figure 5.4. (a) Flow chart for normal and point-by-point SE analysis on SiO2/Si
sample, (b) optical constants (n, k) derived from normal fit and (¢) imaginary (&,) part
of the dielectric function showing the sub-band gap absorption peaks derived from
point-by-point fitting. The inset figure shows the associated &; peaks based on the KK

consistency.

The analysis starts with measuring the samples to obtain the experimental 1 and A
values within the spectral range of 0.74 eV - 5.1 eV (Step 1) as shown in Figure 5.4
(a). Initially, the native oxide thickness of the substrate (bare Si wafer in this study) is
determined and used in SiO; fittings. Then, the actual oxide layers are measured and
saved as another model (Cauchy) on the substrate (Step 2). The thickness of the SiO»
layers is estimated from the non-absorbing (transparent) part of the spectra, modelled
by the Cauchy relation (Eqn. 4.4) explained in section 4.3.1 and then fixed (Step 3).
After finding the SiO: thickness, the MSE is checked to confirm the reliability of the
fittings (Step 4). Once a low MSE value is obtained, the optical constants (z and k) are
being checked and compared with the literature values (Step 5). Having determined
the characteristics of the SiO; layers in the non-absorbing region, the optical properties

are then extracted from the real (&;) and imaginary (&,) parts of the dielectric function
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(Step 6). This is done by fixing all the variables including the thickness and only fitting
for the &; and &, parameters with respect to the photon energy. Finally, the reliability
of the sub-band gap peaks is checked by comparing the &; and ¢, based on the KK
consistency which is determined by the following equations (Step 7) [13]:

+oo dw’y,(0')

x1=1+2P fO (o) (5.2)
_ +odw’(x1(w)-1)
X2 =—2P [ — s (5.3)

where P denotes the Cauchy principle number, which defines the function's limits
when it diverges (such as w’ = w). According to this principle, the absorption peaks
seen in €, should also be preserved in €;. The difference between the normal and point-
by-point fittings in the absorbing region is shown in Figs. 5.4 (b) and (c). In Fig. 5.4
(b), no sub-band gap peak is observed using the normal fitting method, while in Fig.
5.4 (c) the peaks are seen in the absorbing region with the use of point-by-point
method. The inset figure in Fig. 5.4 (c) shows the &; peaks associated with the sub-
band gap peaks in &, based on the KK consistency.

Figure 5.5 shows a comparison of real (&;) and imaginary (&;) parts of the dielectric
function between the set of wet, wet-dry (first wet and then dry), dry and dry-wet (first
dry and then wet) SiO; on Si wafers obtained from VASE measurements. As shown
in the Fig. 5.5, we consistently see the same peaks in the &, graphs of all samples at
around 1.3 eV, 2.9 eV and 3.4 eV. The reliability of the point-by-point data inversion
method was checked by the KK consistency based on Eqns. 5.2 and 5.3. According to
this method, the spectral features are seen at the same photon energies of 1.3 eV, 2.9
eV, 3.4 eV and 4.3 eV in both &; and &, which represents the preservation of KK

consistency.

The peak at 1.3 eV is interpreted as the presence of the hydrogen bridge defect (Si-H-
Si) [14,15] in the SiO; layers. This defect corresponds to oxygen vacancies in the SiO»
and is likely to be homogeneous in wet oxide layers [16]. The Si-H-Si formation
process is dependent on the compactness of the layer with wet-grown SiO; being less

dense than the dry.
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Figure 5.5. Comparison of real (&;) and imaginary (&,) parts of the dielectric function
between the set of (a)-(b) wet, (¢)-(d) wet-dry, (e)-(f) dry and (g)-(h) dry-wet SiO; on

Si wafers.
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Therefore, films grown purely wet (Figs. 5.5 (a)-(b)) and those wet-dry (Figs. 5.5 (¢)-
(d)) should show higher signals than those grown dry and dry-wet as in those cases,
wet grown material is closer to the surface [16]. This is apparent in our results. The
absorption at 2.9 eV has been found as intrinsic to the interface and refers to optical
transitions associated with negatively charged oxygen vacancies in the interfacial SiOx
layer. The peaks at 3.4 eV and 4.3 eV refer to the critical points of Si due to absorption
in the substrate [10,11,14-16].

This study clearly demonstrates that the point-by-point VASE analysis can be an
important tool to elucidate signature of defects in oxides and at oxide/semiconductor
interface and hence in correlation with electrical characterization of associated devices

provide useful diagnostics of reliability and operation of the Si power MOSFETs.
5.1.2 VASE analysis of RF sputtered oxides

In this section, TiO2, ZnO, and NiO films deposited by RF sputtering on Si wafers
were investigated by VASE to find their thickness, optical constants (n, k) and the
band gap (Eg) values. The samples were prepared in-house using the cleaning
procedures explained in section 4.1.1. This includes cleaning the samples with acetone
and IPA in the ultrasonic bath for 10 minutes each and drying with N>. Then, the
samples are placed in the UV ozone cleaner for 2 minutes to remove any remaining
residues. The oxide films were sputtered using an Ar gas flow rate of 4-5 sccm at 45
W RF power after reaching a base pressure of < 1x10°® mBar prior to deposition and
the process pressure was kept at 3-4x10° mBar for each process. Initially, the
reference Si wafer was measured to ascertain the thickness of the native oxide which
was then used in subsequent fittings of oxide/Si samples. The measured oxide layers
and the native oxide thicknesses are shown in Fig. 5.6. The native oxide thickness was
measured as 1.96 nm for the Si substrate under the TiO> layer and it was found to be
1.74 nm for the layers under ZnO and NiO. Default TiO>-Cody Lorentz and ZnO-
GenOsc models have been used for the TiO; and ZnO fittings, respectively. For the

NiO, B-spline model was used.
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(a)

Layer # 2 = TiO2 (CodyLor) Thickness # 2 = 24.02 nm (fit)
Layer #1 = NTVE_JAW Native Oxide = 1.96 nm
Substrate = SI_JAW

(b)

Layer # 2 = ZnO (GenOsc) Thickness # 2 = 36.23 nm (fit)
Layer # 1 = NTVE_JAW Native Oxide = 1.74 nm
Substrate = SI_JAW

(©)

Layer # 2 = NiO (B-Spline) NiO (B-Spline) Thickness = 30.46 nm (fit)
Layer # 1 = NTVE_JAW Native Oxide = 1.74 nm
Substrate = SI_JAW

Figure 5.6. SE models used for measuring the thicknesses of (a) TiO2 (CodyLor), (b)
ZnO (GenOsc) and (c) NiO (B-Spline) thin films.

The default TiO, (CodyLor) model has only one Cody Lorentz harmonic oscillator,
which was explained in Eqn. 4.16, to fit the » and & values of the TiO: layer. On the
other hand, the ZnO (Gen-Osc) model includes three different harmonic oscillators,
those are one parametrised semiconductor oscillator (PSemi) and two Gaussian
oscillators. The equations for the Gaussian oscillator are given in Eqns. 4.10 and 4.11.
The PSemi model mathematically represents dielectric functions as the sum of various
Gaussian polynomials and poles occurs due to the absorption outside of the modelled
region [17]. The reason behind using these two models is that they give the most
accurate thickness values close to the target deposition thickness. Also, the lowest
MSE values with physical optical constants (n, k) were obtained using these models.
It should be noted that using other models, such as B-Spline, for these two films can
result in lower MSE values however with a drawback of having unphysical » and &
values. For the NiO film, since there was no available default model in the
CompleteEase software, the modelling was started with fitting the y and A values of
the NiO in the transparent (0.74 eV — 2.0 eV) region using the Cauchy relation. Then,
the Cauchy model was parametrized to B-spline and fitted for the whole energy range
to obtain the n and k characteristics in the full energy spectrum. The KK consistency
between the real and the imaginary part of the dielectric function was preserved in all

fittings.

The MSE between the experimental and theoretical (fitted) (y, A) versus photon

energy data curves was monitored to assure a good quality fit. The MSE values were
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found to be 7.7 for TiO2 (CodyLor), 1.8 for ZnO (GenOsc) and 2.5 for NiO (B-spline)
models. The fitted y and A versus photon energy data for TiO2, ZnO and NiO are
shown in Fig. 5.7.
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Figure 5.7. The experimental y (amplitude ratio) and A (phase difference) parameters
measured at 65°, 70° and 75° angle of incidences fitted with theoretical models for (a)

Ti02, (b) ZnO and (¢) NiO.

Figure 5.8 shows the measured n and Eg values derived from the Tauc plots for the

bulk (>10 nm) oxides. The detailed values are shown in Table 5.3.
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Figure 5.8. Refractive index (1) and Tauc, i.e. (aE)"° for indirect and (aE)? for direct
band gap, versus photon energy (E) plots (where a is absorption coefficient and E —
photon energy) for: (a) TiOz, (b) ZnO and (c) NiO films on Si substrates. The band
gap (Eg) of each oxide was calculated from the linear extrapolation of the Tauc plot to

the base line, as depicted.

The extracted band gaps of the TiO; (3.32 eV), ZnO (3.25 e¢V) and NiO (2.75 eV)
films as well as n at 632.8 nm (1.96 eV) are consistent (+0.2) with the reported values
archived in the CompleteEASE software [8] used for the VASE analysis and are

summarized in Table 5.3.
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Table 5.3. Summary of VASE analysis results for the ZnO, NiO and TiO; films.

I:)Ii%\;e Deposition Oxide | Refractive | Band

Oxide | Substrate . p Model | MSE | thickness index gap
thickness | method (nm) (n) (Ey)

(nm) :

. Gen-
ZnO Si 1.74 RF sputter Osc 1.8 36.2 1.84 3.25
NiO Si 1.74 RF sputter B- 2.5 30.5 1.87 2.75
spline

Si 1.96 RF sputter 7.7 24.0 2.13 3.32

Si 6.32 PE-ALD Cod 1.3 6.5 2.32 3.38

TiO2 | Ti/Al/Si - PE-ALD oW M1 24 2.38 3.50

. . Thermal Lorentz
Ti/Al/Si - ALD 9.9 5.7 2.44 3.39

5.1.3 VASE analysis of thermal and PE-ALD TiO: thin films

The plasma-enhanced (PE) and thermal ALD TiO; films were deposited at AMO
GmbH research institute in Germany and measured at Liverpool by VASE. These TiO2
films are to be used in metal-insulator-graphene (MIG) rectenna, an alternative device
structure for THz energy harvesting introduced in section 1.3.4 [18]. The latest
reported Ti/TiO2/G device [18] was based on 5 nm TiO, grown by plasma-enhanced
atomic layer deposition. The target thickness of the deposited thin films was 5 nm.
The PE-ALD TiO: layers having a nominal thickness of 5 nm were grown on two
different substrates: (i) a bare Si wafer and (i1) 50 nm Al/20 nm Ti metal coated Si
substrate. On the other hand, the thermal ALD TiO; layers were deposited only on 50
nm Al/20 nm Ti metal coated Si substrates. The sample details, deposition methods as
well as the VASE analysis results of these three samples are also summarised in Table

5.3.

Initially, the native oxide thickness of the reference Si wafer was measured to include
in the oxide fittings. It should be noted that the native oxide thickness for the bare Si
substrate was found to be 6.32 nm using the Cauchy model which indicates a highly
oxidized substrate and can affect the surface uniformity of the deposited films. On the
other hand, since the metals are opaque materials, it is not possible to measure the
metal thickness via SE. Therefore, for the metal substrates, the actual thickness of Al
and Ti layers were assumed to be 50 nm and 20 nm, respectively based on the nominal
growth thickness values. Then, the optical constants (n, k) of Al and Ti were fitted

until having a reasonable fit between the theoretical models and the experimental
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curves. After that, the measured TiO; layers were fitted using the Cody-Lorentz model
in the CompleteEASE software library. Model layers for the three different samples

are shown in Fig. 5.9.

(a)

Layer # 2 = TiO2 (CodyLor) Thickness # 2 = 6.54 nm (fit)
Layer # 1 = Cauchy Thickness # 1 =6.32 nm

Substrate = SI_JAW

(b)

Layer # 4 = TiO2 (CodyLor) Thickness # 4 = 2.40 nm (fit)
Layer # 3 = Ti_Reference_Metal Thickness # 3 =20.00 nm
Layer # 2 = Al_Reference_Metal Thickness # 2 = 50.00 nm
Layer # 1 = Cauchy Thickness # 1 = 6.32 nm

Substrate = SI_JAW

(©)

Layer # 4 = TiO2 (CodylLor) Thickness # 4 = 5.69 nm (fit)
Layer # 3 = Ti_Reference_Metal Thickness # 3 = 20.00 nm
Layer # 2 = Al_Reference_Metal Thickness # 2 = 50.00 nm
Layer # 1= NTVE_JAW Native Oxide = 6.32 nm
Substrate = SI_JAW

Figure 5.9. SE models used for measuring the thicknesses of (a) PE-ALD TiO; on Si,
(b) PE-ALD TiO2 on metal and (c) thermal ALD TiO; on metal films.

The experimental y and A parameters measured at 65°, 70° and 75° angle of incidences

and the theoretical fittings for 3 different samples are shown in Fig. 5.10.
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Figure 5.10. The experimental y (amplitude ratio) and A (phase difference) parameters

measured at 65°, 70° and 75° angle of incidences fitted with theoretical models for (a)

PE-ALD TiO; on bare Si, (b) PE-ALD TiO; on 20 nm Ti/50 nm Al/Si and (c) thermal

ALD TiO2 on 20 nm Ti/50 nm Al/Si substrates.

The measured oxide thicknesses were found to be 6.54 nm, 2.40 nm and 5.69 nm for
PE-ALD TiO; on bare Si, PE-ALD TiO2 on 20 nm Ti/50 nm Al/Si and thermal ALD

TiO2 on 20 nm Ti/50 nm Al/Si samples, respectively as shown in Table 5.3. It is seen
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that the thickness of the 2.40 nm PE-ALD TiO; on metal substrate deviates from the
target thickness of 5 nm more than the other two samples. This can be attributed to the
underlying metal layers since they are not ideal to be used as a substrate material.
Normally, for a metal to be used as substrate, its thickness should be > 60 nm to be
considered as a bulk layer. Therefore, the light beam cannot penetrate through the
metal layer. Then, the v and A values of the metal substrate can be found by only
fitting the optical constants (n, k). However, in these samples, there are two metal
layers (20 nm Ti and 50 nm Al) and the thickness of the top Ti layer is not sufficient
to be considered as bulk which can cause errors in the fitting of the TiOz layer. This is
also supported by the high MSE value of ~11 coming from the fittings. On the other
hand, the PE-ALD TiO2 on Si substrate has a very good fit between the experimental
data and the theoretical model with an MSE value of ~1. The thermal ALD TiO2 on
20 nm Ti/50 nm Al/Si also has a relatively high MSE value ~9 because of being

measured on the metal layers.

In order to check the uniformity of these films, mapping analysis was done by
measuring 121 different point on the samples within a scan area of 1.5 x 1.5 cm?.
Initially, the reference Si substrates were scanned to check the surface uniformity as

shown in Fig. 5.11. The details of the mapping results are also reported in Table 5.4.
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Figure 5.11. (a) Thickness, and (b) MSE mapping results for the native oxide layer on

bare Si substrate within a scan area of 1.5 x 1.5 cm?.

As seen in Fig. 5.11 and Table 5.4, the surface of the Si substrate is not uniform. The
minimum and maximum native oxide thicknesses range from 5.19 nm to 19.25 nm

towards the edge of the sample with an average thickness of 7.09 nm. Therefore, 6.32
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nm native oxide thickness (measured in the centre of the sample) coming form the

single point measurement result has been used in the mapping analyses.

After analysing the reference Si substrate, further mapping measurements were carried
out on the actual TiO; layers. Results of the mapping analysis for PE-ALD on Si, PE-

ALD on metal and thermal ALD on metal samples are shown in Fig. 5.12.
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Figure 5.12. (a) Thickness, (b) n and (¢c) MSE mapping results for PE-ALD TiO; on
Si, PE-ALD TiO; on metal and thermal ALD TiO2 on metal samples within a scan

area of 1.5 x 1.5 cm?.

As seen in Fig. 5.12 and Table 5.4, the thickness and the n values of the PE-ALD TiO;
on Si highly deviates which could be attributed to the thick and non-uniform native
oxide thickness of reference Si since the TiO: layer was directly deposited on the
substrate. This deviation is less prominent in the other two samples since there are 20

nm Al and 50 nm Ti layers between the TiO; and the Si substrate layers.
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Table 5.4. Mapping results of the PE-ALD and thermal ALD TiO; samples including

thickness, n and MSE values.

Sample Parameter Average Minimum Maximum Star.ldqrd
Deviation
Reference | L rickness 7.09 5.19 19.25 2.29
Si (nm)
substrate MSE 1.50 1.32 1.88 0.13
Thickness 7.42 570 15.16 1.86
(nm)
PE'AL.D n@ 1.96 eV 2.28 1.92 2.39 0.10
on Si
MSE 3.58 1.57 19.33 3.58
Thickness 2.45 2.33 2.58 0.08
(nm)
PE-ALD n@1.96eV 2.38 2.35 2.43 0.03
on metal
MSE 10.02 4.87 14.65 2.59
Thégl;n)ess 571 5.69 5.74 0.02
Thermal
ALDon | n@ 1.96 eV 2.44 243 2.45 0.01
metal
MSE 9.67 6.03 13.57 1.96

After determining the thicknesses and the film uniformity, further analysis has been
carried out to extract the optical constants and the associated E; values. The measured
refractive index (n) and the band gap (E,) values derived from the Tauc plots of three

different TiO> films are shown in Fig. 5.13.
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Figure 5.13. Refractive index (1) and Tauc, i.e. (aE)*> versus photon energy (E) plots
(where a is absorption coefficient and E — photon energy) for: (a) PE-ALD TiO2 on
Si, (b) PE-ALD TiO; on metal and (c¢) Thermal ALD TiO; on metal substrates. The
band gap (E;) of each oxide was calculated from the linear extrapolation of the Tauc

plot to the base line, as depicted.
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The extracted Eg values of PE-ALD TiO; thin films were found to be 3.38 eV and 3.50
eV on Si and metal substrates, respectively. On the other hand, the E; of thermal ALD
TiO2 was derived as 3.39 eV. Except the PE-ALD TiO» on metal sample, which is the
most erroneous one with the highest MSE~11 due to being deposited on 20 nm Ti/50
nm Al metal substrate, the E; values of plasma assisted and thermal ALD oxide thin
films are consistent with each other. These values are also close to the E; of RF

sputtered TiO; thin films (3.32 eV) shown in Fig. 5.8 (a) and Table 5.3.
5.2 Stoichiometry and electron affinity analysis of RF sputtered oxide films

The XPS measurements were made on the in-house RF sputtered TiO and NiO films
using a SPECS monochromated Al k-o X-ray source (hv = 1486.6 ¢V) with energy
step size of 0.03 eV and integration time of 0.25 s per step, operating at 150 W for
core level (CL) and valence band scans, while 9 W for secondary electron cut off scans
in an ultra-high vacuum chamber at a base pressure of ~10'° mbar. Photoelectron
emission spectra were recorded with a PSP Vacuum Technology hemispherical
electron energy analyser set to a constant pass energy of 10 eV. The spectrometer was
calibrated using the core levels and Fermi line of a sputtered silver foil and was
operated with an overall resolution of +0.1 eV. Chamber pressure during

measurements was ~107'° mbar.

The core level peaks were fitted using Voigt functions and a Shirley type background
subtraction, performed within the CasaXPS software package. Adventitious carbon C
Is core level binding energy, calibrated to 284.6 eV, was used to account for any
sample charging. Stoichiometry of the metal oxide films was determined by the
relative sensitivity factor (RSF) adjusted area ratios of the metal core levels and their
corresponding O 1s level. It should be noted that since XPS is a surface sensitive
technique, the stoichiometry determined here refers to the surface composition.
Besides the elemental analyses, the electron affinities () of the oxides were found

using Eqns. 4.18 — 4.20.

For the TiO; film, Fig. 5.14 (a) shows the Ti 2p3» peak at 458.76 eV and the O 1s
lineshape is shown in Fig. 5.14 (b). The O 1s CL lineshape is fitted with two
components: one for the oxygen in TiO; at 530.17 eV and a smaller broad peak at

531.51 eV attributed to adventitious carbon related oxide contamination. The
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quantitative analysis shows that this film is highly stoichiometric with Ti:O of 0.506:1
corresponding to TiO.9s. Using the extracted parameters from XPS spectra shown in
Figs. 5.14 (¢) and (d), as well as V,;,, =9.91 V allowed experimental determination of
the ionization energy (/E) to be 6.88 eV for TiO2 and the resulting y was found to be
3.56 €V considering the E; of 3.32 ¢V found from Tauc plot (Fig. 5.8 (a)).
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Figure 5.14. XPS intensity spectra of (a) Ti 2p3/2 core level, (b) O 1s spectrum, (¢) SEC
and (d) valence band edge for TiO- film.

In contrast to the TiO; film, for the NiO film (Fig. 5.15 (a)), the XPS lineshape is
complicated due to the presence of multiple satellite features. Therefore, the lineshape
requires multiple fit components. Qualitatively, the Ni 2p3/» CL lineshape corresponds
to Ni in the Ni?* state as expected for NiO, with the Ni** binding energy determined
to be 853.68 eV. The O 1s CL spectra (Fig. 5.15 (b)), show a component from NiO at
529.09 eV and two further broad peaks attributed to carbon contamination. It is noted
that the contamination of the NiO films is significant in comparison to other oxide

films. Furthermore, it should be noted that the stoichiometry calculation for NiO is
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challenging due to the above mentioned satellite peaks compared to other oxides and
leads to a higher uncertainty in the result. Although the Ni 2p lineshape qualitatively
indicates that the Ni is in the 2" state, Dong et al.[19] have mentioned that it is difficult
to identify the different oxidation states of Ni due to the multiple peaks in the

spectrum, and indeed there could be some Ni** state present as well.
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Figure 5.15. XPS intensity spectra of (a) Ni 2p3,2 core level, (b) Ols spectrum, (c) SEC
and (d) valence band edge for NiO film.

Following Mansour et al.[20], the total area under the Ni 2p lineshape including the
satellite peaks was used with the corresponding O 1s peak from the oxide to find the
stoichiometry of the film and found to be NiOo.70, similar to that found of ZnO and
indicating some 3+ oxidation state characteristic. The y of NiO was found to be 2.05
eV using the IE of 4.80 eV calculated form the SEC and VBM values in Fig. 5.15 (¢)
and (d) and the V5, 0f 9.63 V. The Eg of 2.75 eV (Fig. 5.8 (¢)) for NiO was used in

the calculations.
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Besides the TiO> and NiO measurements, in the scope of a collaborative study, XPS
analysis was done also on RF sputtered ZnO films to find the stoichiometry and
electron affinity parameters. These values are summarised in Table 5.5. The electron
affinity values correlate with literature values reported in Table 2.1 [21-23] within
experimental errors, although it is noted that there are also smaller [24] and larger [25]
values reported. Since these films are not perfectly stoichiometric, they are referred as

NiOx, and ZnOx in this work.

Table 5.5. The experimentally determined electron affinities from XPS/VASE and
FNT measurements of TiO2, ZnOx and NiOx films are summarized together with
reference values from literature. The thickness (tox), refractive index (n) and band gap
(Eg) values are stated from VASE measurements. The XPS extracted parameters
include key core level binding energies (BEs), stoichiometry, ionization energy (IE)
and valence band maximum (VBM) of oxide films. The barrier heights (¢) between

Al/oxide are listed as obtained from FNT plots.

Measurement Extracted TiO, ZnOx NiOy
method parameters | Ti2psp | Ols | Zn2psp | Ols Ni2p | Ols
BE (+0.1)
(V) 458.8 | 530.2 1021.3 | 529.7 853.7 | 529.1
Area 1206.6 | 1338.2 | 12516.5 | 1418.0 | 4111.91 | 578.5
RSF* 5.22 2.93 18.92 2.93 14.61 2.93
Area
(Adjusted) 231.15 | 456.71 | 661.55 | 483.97 | 281.45 | 1974
XPS Metal:Oxygen 0.506:1 1.367:1 1.425:1
Stoichiometry TiO) .08 Zn0o.73 NiOo.70
IE (+ 0.2)
(V) 6.88 6.71 4.80
VBM (£ 0.2)
(V) 2.82 2.13 0.21
XXPS (ﬂ:025)
(eV) 3.56 3.46 2.05
tox (£0.1) (nm) 24.0 36.2 30.5
VASE n @1.96 (eV) 2.13 1.84 1.87
E, (£0.1) (eV) 3.32 3.25 2.75
FNT D Avoxide (€V) 0.62 0.56 1.82
1 (£0.3) (eV) 3.66 3.72 2.46
1.46 [24], 2.05
Reference x (V) 3.9126,27] 3.6 (23], 4.3-4.5 [21], 3.0 [26],
[25], 4.6 [26] 4.8 [28]

* RSF taken from the CASA software to adjust the core level area.
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5.3 Full band alignment of RF sputtered TiO2, ZnOx and NiOx

In this section, the full band diagrams of RF sputtered TiO2, ZnOx and NiOx are
illustrated based on the VASE and XPS results in sections 5.1.2 and 5.2, respectively.
As shown in Fig. 5.16, TiO; and ZnOx films are found to be n-type, while the NiOx is
p-type. This was determined by observing the location of the fermi level (Er) between
the valence and conduction bands based on the extracted IE, Eg, ¥ and VBM values of
these materials. The band gap values of stoichiometric TiO; (E¢= 3.32 ¢V) and non-
stoichiometric ZnOx (Eg = 3.25 eV) are consistent with the values reported in the
literature (3.3 eV for TiO2 [29] and 3.2 eV for ZnO [30]). The band gap of NiOx (Eg=
2.75 eV) was found to be lower than some of the literature values such as 3.4 eV [28],
however it was seen in Refs. [21,24] that the band gap, as well as the electron affinity
of NiO can be increased or decreased depending on the surface treatment. Ratcliff et
al. [21] reported E, values of 3.1 eV, 0.4 eV and 3.6 eV for as-deposited, Ar-ion
sputtered and O; plasma treated NiOx films, respectively. Also, the electron affinities
of these three oxides were derived to be 3.56 ¢V for TiO2, 3.46 ¢V for ZnO and 2.05
eV for NiO. The y results of ZnOx and NiOx are also in close agreement with the
literature values which are 3.6 eV [23] for ZnO and 2.05 eV [21] for NiO. The y of
TiOz is seen to be slightly lower than the stated 3.9 eV in Refs. [26,27], but this value

is based on theoretical calculations.

Vacuum level

O g o o = o - e - - - e e - e e — o e e o e e e e e e e e S e e -
q¢ = % =2.05eV
3 a4 ap= |y=356ev 0= |y=346ev 4.59 eV
= ' 4.06 eV 458 eV
(0]
3 IE = 6.88 ev_ IE=6.71eV IE = 4.80 eV E,= 2756V
e < -
£ ! E_-
3 F EF..L. .........
£ NiO,
£ ©
o
£
>
2 TiO, Zn0O,
[} 0
c T
L
o —

Figure 5.16. Band alignment of RF sputtered TiO2, ZnO and NiO based on the VASE
and XPS results.
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The results of this section are used in Chapter 7 together with the derived y values
found from the FNT measurements at the Al/TiO2, Al/ZnO and AI/NiO interfaces
(explained in section 5.4) for assessing the I-V characteristics of TiO2, ZnO and NiO
based MIM diode structures.

5.4 Investigation of conduction mechanisms in oxide thin films

The device cut-off frequency (fc) is an important parameter for the MIM rectifiers to
operate at THz frequencies. The MIM diodes in this study were developed to have
ultra-fast (fs) dominant QM tunnelling and avoid any other defect related or
temperature dependent conduction. For this reason, ultra-thin (< 5 nm) oxide films
were deposited using ALD and RF sputtering methods to maintain low defect density,
superior uniformity and excellent film quality. Then, the conduction mechanism of the
fabricated MIM diodes were examined using room temperature -V measurements
performed in a dark probe station integrated with an Agilent B1500 SMU. The voltage
was swept from 0 V to 1.5 V (forward bias) and 0 V to -1.5 V (reverse bias) to avoid

any breakdown in the oxide layers.

In this section, ALD deposited 3 nm Al,O3; based diodes with Au/Au and Au/Ti
configurations were measured to examine any defect related Poole-Frenkel (PF) and
temperature dependent Schottky emission (SE) conduction mechanisms. Figure 5.17
shows the PF plots for Au/Al,0O3/Au and Au/Al,O3/Ti diodes, in both forward and
reverse bias conditions, where a linear region of PF plots is seen between 210 MV/m
and 500 MV/m corresponding to 0.63 V and 1.5 V, respectively. This linear
relationship between In(J/E) and (E)?, with an R >0.999, indicates a reliable fit [31]
and the possibility of PF over the bias range.
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Figure 5.17. PF plots of (a) Au/Al203/Au and (b) Au/Al>O3/Ti diodes for the forward

and reverse bias.
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Then, the dynamic permittivity (g,) value of the AlbO3 layer associated with the
possible trap emission in a dielectric layer was calculated using Eqn. 3.8 and the slope
of the linearly fitted experimental /n(J/E) and (E)"” data for both diode configurations.
The absolute temperature was measured as 294.1K in the lab and used for the
calculations. Note that there are no consistent data available for the effective mass
ratio of thin oxides and values reported in the literature vary between the range of
values (0.1-1) [28,31-34] for ultra-thin (<5 nm) films. Therefore, the effective mass
ratio (m*/my) of Al,O3; was taken as 0.5, where m”* is the oxide effective mass and

m, is the effective mass of electron.

The &, was found to be 82.80 and 83.32 for the forward and reverse biases in the
Au/Al,03/Au device. For the Au/Al>O3/Ti diode, the €, values were found to be 64.43
for the fowrard bias and 84.87 for the reverse bias. The difference in the &, values
between the forward and reverse bias in this diode is expected due to the dissimilar
(Au/Ti) electrode configurations. The forward bias was applied form the Au electrode
where the electrons were injected from the Ti electrode to the Al>O3 layer. However,
the &, values obtained from the Au/AlOs interface are consistent in both diode

configurations.

On the other hand, the refractive index (n) value of Al,O3; was found from the VASE
measurements and the associated dynamic permittivity (g, = n?) was calculated to be
3.15 using the n value. Then, it was compared with the dynamic permittivity (&,)
results obtained from PF fittings. As seen from the results, there is a large difference
between the &, values obtained form the PF fittings and the VASE measurements for
both diode configurations. Thus, PF cannot be considered as a dominant conduction

mechanism in Al,Os3 thin films.

Similar to the PF analysis, SE graphs were plotted in the same electric field region
(210 MV/m and 500 MV/m) using the relationship between In(J/T?) and (E)"* as
shown in Fig. 5.18. Then, the calculated dynamic &, values were compared with the

VASE results.

The &, values were found to be 11.69 (forward bias) and 12.01 (reverse bias) for the

Au/Al,03/Au diode, while they were 9.77 (forward bias) and 11.96 (reverse bias) for
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the Au/Al2O3/Ti diode. Although the SE results are closer to the VASE results, they

are still higher than expected values for a possible SE mechanism.
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Figure 5.18. SE plots of (a) Au/Al203/Au and (b) Au/Al>2O3/Ti diodes for the forward

and reverse bias.

It should be noted that an FNT analysis could not be done on these devices due to the
breakdown voltage being beyond 1.5 V and due to relatively large barrier heights at
the Au/Al,O3 (3.5 eV) and Ti/ALO3 (2.5 eV) interfaces based on the XPS values of
AL Ojs electron affinity (1.6 eV, [7,32]) and the literature values of Au (5.1 eV, [35,36])
and Ti (4.1 eV, [35,37]) metal work functions. However, considering the ultra-thin
(3nm) ALD AlLOs layer, and not having a defect or temperature related conduction
mechanisms, it is evident that there is a strong probability of having direct tunnelling

(DT) as the dominant conduction mechanism in these films.

Further to the PF and SE analysis on ALD ALO; films, in the scope of the same
collaborative work within the research group, a FNT analysis was done on RF
sputtered TiO2, ZnO and NiO thin films to confirm the electron affinity values derived
from the combination of XPS and VASE measurements. Therefore, a set of MIM
diodes were fabricated using shadow mask evaporation with 3.3 nm TiO2, 3.0 nm ZnO
and 3.9 nm NiO thin oxide films sandwiched between symmetrical Al/Al metal
electrodes. A large enough bias was applied on the diodes to have the required electric
field in the oxide of interest according to the static voltage ratio calculations, taking
into account the effect of an unintentionally grown native AlOx layer on the bottom
Al electrodes. The barrier height (@) at the metal/oxide interface was extracted from
the slope of FNT plots using Eqn. 3.14. Hence, using y = WFai - ¢, the oxide electron
affinities deduced from FN barriers are (£ 0.3 eV): 3.66 eV for TiO2, 3.72 eV and
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ZnOx, 2.46 eV for NiOx. All physical and electrical characterisation data are

summarized in Table 5.5.

It can be seen that the electron affinities found from FNT analysis is consistent with
that extracted from a combination of XPS and VASE techniques (termed as yxps) for
stoichiometric TiO;, giving a consistent value of ytio2 =3.6 £ 0.1 eV. An upward shift
of up to 0.3 eV for ZnOx and 0.4 eV for NiOx films with the decreasing stoichiometry
can be seen when FNT barriers were used to extract y. This increase cannot be
explained by a measurement error, as extrapolating the edge of the conduction band,
valence band or absorption edge from Tauc plots is within & 0.3 eV. This deviation is
rather intrinsic to the different nature of XPS and FNT methods, where the XPS is

much more surface sensitive as noted above.
5.5 Conclusion

This chapter summarises physical characterisation (VASE and XPS) parameters of
thin oxide films to be used in modelling electrical properties of associated rectifiers in
rectenna devices. Additionally, point-by-point VASE analysis has been demonstrated
to be an efficient tool to extract a sub-band gap SiO2 and Si02/Si features for oxides
grown by different oxidation methods to be used in power MOSFETs. The signature
of interface related defects has been found at 2.9 eV for samples processed by wet
oxidation, being indicative of Oz vacancies. As a result, higher current magnitude was
observed from gate to source current vs time response measurements on associated

devices.

The VASE analysis was done on the RF sputtered TiO», ZnO, and NiO thin films on
Si wafers to find the thickness, surface uniformity, optical constants (n, k) and the band
gap (Eg) of the thin films. The Eg of the oxide films were found to be 3.32 eV, 3.25 eV
and 2.75 eV from the Tauc plots for the sputtered TiO2, ZnO, and NiO respectively.
The VASE measurements on thermal and plasma-enhanced ALD TiO; thin films show
band gap values of 3.38 eV for PE-ALD and 3.39 eV for thermal ALD, similar to the
value of RF sputtered TiO».

The XPS measurements show the electron affinities () of TiO2, ZnO, and NiO of 3.56
eV, 3.46 eV and 2.05 eV, respectively. The full band alignment of the RF sputtered
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TiO1.98, ZnOo.73 and NiOg.70 were also demonstrated based on the VASE and XPS
results. The Al/TiO2(0.62 eV), Al/ZnO (0.56 eV) and AI/NiO (1.82 eV) barrier heights
were also derived from the linear region of the FNT plots of associated MIM diodes.
The resulting y values of TiO2, ZnO, and NiO were calculated as 3.66 eV, 3.72 eV and
2.46 eV considering the 4.28 eV work function of Al metal. It was observed that, the
XPS and FNT results are in close agreement for the stoichiometric TiO1.9s and deviate
with the decreasing stoichiometry for ZnQOp 73 and NiOg.70. The aim of this study was
to experimentally determine physical parameters of MIM stack (band gap, electron

affinity) to use in the I-V modelling in the next chapter.

Finally, Poole-Frenkel and Schottky emission conduction mechanisms have been
examined on ALD deposited Au/Al2O3/Au and Au/Al>O3/Ti diodes to check any
defect related and temperature dependent mechanisms. The inconsistency between the
&, values obtained from VASE and PF/SE plots indicates that the oxides are of high
quality. The current transport is rather based on tunnelling, particularly likely to be

direct tunnelling due to the ultra-thin (3nm) ALD AlL,O; films.
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Chapter 6



6. Engineered MI"M diode structures

In this chapter, tunnel-barrier rectifiers composed of single (MIM) and triple (MI*M)
insulator configurations have been fabricated by ALD and RF sputtering methods to
investigate the insulator (Al203, ZnO, TaxOs, Nb2Os) layer quality and rectification
performance for their integration in rectennas for IR energy harvesting. For this
purpose, the effect of metal work function difference and barrier height in the single
insulator MIM diodes, as well as of resonant tunnelling in triple insulator MI*M
configurations on the rectification properties have been studied in detail. The key
rectification parameters such as dynamic resistance (Rp), responsivity (), asymmetry
(n7) and non-linearity (fyz) have been assessed from the DC I-V measurements. Besides
this, the bound states formed in the quantum well of MI?°M diodes were predicted by
in-house simulation tool explained in Chapter 3, section 3.3 and the generated I-V
curves were fitted with the experimental data. The main goal of the experiments is (i)
to achieve high zero-bias responsivity (fyp) and maximum # using dissimilar metal
electrodes and triple insulator configurations, as well as (ii) low zero-bias dynamic
resistance (Rp) by reducing the metal/oxide barrier height. The outcomes of this
chapter have been presented in Tekin et al. EUROSOI-ULIS 2020; Tekin et al. Solid-
State Electronics 2021, 185, 108096; and partially in Tekinet al. 2022 ECS
Trans. 108, 69.

6.1 Device fabrication and experimental details

The MIM and MI*M diode structures were fabricated on 4 cm x 4 ¢cm ultra-smooth
Corning glass (CG) substrates as explained in Chapter 4. The gold (Au), and
aluminium (Al) metal electrodes were deposited by thermal evaporationwhile the
Titanium (T1) and Zinc (Zn) metals were deposited by RF sputtering. The patterning
was done using the shadow mask having 100 pm % 100 um device area as explained
in Section 4.2.1. The target thickness of the electrodes was ~50 nm. The Al>O3, Ta>0Os
and Nb>Os oxide thin films were deposited by conventional thermal ALD using the
Cambridge Nanotech Savannah reactor. The precursors were water combined with
either: trimethyl-aluminium (TMA), tantalum ethoxide (Ta(OEt)s) and niobium
ethoxide (Nb(OEt)s) for the Al2O3, TaxOs and Nb2Os respectively. The Ta and Nb
precursors were heated to 140 °C to aid vapour transport into the reactor. Dose (0.2 s)

and purge (4 — 10 s) times were chosen to ensure a self-limiting ALD reactions
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occurred, and the substrate temperature was 200 °C throughout. The H>O source was
pulsed for 0.04 seconds followed by a purge time of 4-10 seconds. This ALD cycle
process was continued until the desired thicknesses were obtained. The ALD growth
per cycle (nm/cycle) was 0.043 for Ta;0s, 0.04 for Nb2Os and 0.125 for Al,Os. 5 scem
Ar gas flow rate and a power of 52.5 W was used for Ti and Zn and 45 W power was
used for ZnO depositions using the Moorfield NanoPVD-S10A RF magnetron
sputtering system. The energy band diagrams and the device pattern of the fabricated

diodes are shown in Figs. 6.1 (a)-(g).

Electron affinities (y) of the ALD deposited ALOs (1.57 eV [1,2]), TaxOs (3.54 eV
[1,2]) and Nb2Os (3.72 eV [1,2]) and the work function of Al metal (4.28 eV [1,2])
were calculated based on the previously measured XPS and FNT measurements within
the group using the same deposition and characterisation techniques. As a result, the
barriers were taken as 0.74 eV, 0.56 ¢V and 2.71 eV for the Al/Ta;0s, Al/Nb2Os
Al/ALOg, respectively. The work functions of Au, Ti and Zn metals were considered
as 5.1 eV [3,4],4.1 eV [3,5] and 4.3 eV [4,5], respectively based on the widely used
values in the literature. The electron affinity of RF sputtered ZnO was taken as 3.70
eV [6] for the barrier height calculation, XPS and FNT measurements were also
carried out on this oxide and are explained in Chapter 5 in detail. Therefore, the
barriers at the Au/Al,O3, Ti/Al,O3, Zn/Al,O3 and Au/ZnO were calculated to be 3.53
eV, 2.50eV, 2.73 eV and 1.40 eV, respectively.
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Figure 6.1. Band diagrams of (a)-(d) single and (e)-(f) triple insulator diodes with
varying metal electrodes (Au, Ti, Zn and Al) and (g) the top view of a fabricated

devices [7].
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The barrier height values shown in Figs. 6.1 (a)-(f) are used in the simulations in this
chapter. VASE measurements were used to determine the thickness and the optical
constants (refractive index and extinction coefficient) of the dielectric layers. Four
MIM diode structures having nominal 3 nm Al,O3 and ZnO insulating layers and ~50
nm metal electrode thicknesses were fabricated in symmetric and asymmetric
configurations. The actual thicknesses of Al2O3 and ZnO layers measured by variable
angle spectroscopic ellipsometry (VASE) are in good agreement (+0.1 nm for ALD
and £0.3 nm for RF sputtered) with the nominal values. Three MI°M diode structures
were fabricated; two in non-cascaded configuration Al/Ta;0s/Nb2Os/Al,O3/Al by
varying the insulator thicknesses (in nm) from 1/3/1 to 1.5/2.5/1, and one in cascaded
configuration Al/Nb>Os/Ta>Os/Al>03/Al with thickness ratio (in nm) 1/3/1. Note that
the total nominal thickness of the stack is maintained at 5 nm. In each single layer
deposition process, a piece of Si wafer was placed in the chamber together with the
CG substrates for VASE measurements and the thicknesses of the oxide layers were
examined individually. Then, the same ratio of the precursors and the cycles were used
for depositing the triple insulator layers. In this way, the thickness of non-cascaded
nominal 1/3/1 and 1.5/2.5/1 MI°M configurations were measured by VASE to be (in
nm) 0.8/3.6/1.0 and 1.2/3.0/1.0, respectively. For the nominal 1/3/1 cascaded

structure, the thicknesses were measured to be (in nm) 1.2/2.4/1.0.
6.2 Single insulator MIM diodes

The experimental I-V curves together with extracted rectification parameters of
responsivity (8 = dI"(V)/2I'(V)), dynamic resistance (Rs = (dI/dV)™"), asymmetry (7 =
|[+/L| or |I/I+|, where I+ refers to forward bias current and /. to reverse bias current)
and non-linearity (fvz = (V/I[)xRp) were calculated for the MIM diodes. Figure 6.2.
shows the rectification parameters of the Au/Al,O3/Au diode. The voltage swept
between -1.5 V and 1.5 V without having a breakdown in the oxide layer. The
measurements were performed on several devices of the samples to ensure the I-V
characteristics. Then, the noise of the plotted graphs was reduced by fitting the raw
data with different orders of polynomial equations, an exponential equation and also
by smoothing method. The quality of different fits was examined using two different
ways to ensure the reliability of the fittings. The first way is to check the fit residue

(Imw - Ifl-t) which shows how well the raw data and the fits match with each other.
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The second way is to compare the asymmetry values calculated from the raw and the
fitted data. Therefore, according to the fit residues and the asymmetry plots, the most
accurate fits were chosen for each device. Then, the rectification parameters were
found using the corrected I-V curves. Zero-bias resistance (Ry) and responsivity (5o)
of Au/AlO3/Au are found to be 83 MQ and 0.1 A/W respectively (Fig. 6.2 (b)).
Despite the ultra-thin (~3 nm) insulating layer, the high Ry and relatively low Sy are
attributed to the high barrier height (~3.5 eV) between the Au/Al>O3 interface. The
maximum responsivity £ (Fig. 6.2 (b)) and asymmetry 7 (Fig. 6.2 (c)) were found to
be 2.3 A/W at 0.53 V and 1.3 at 1.2 V, respectively. The device exhibits almost a

symmetric behaviour as expected due to the same top and bottom metal electrode

configuration.
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Figure 6.2. (a)-(d) Experimental I-V characteristics of Au/Al,O3/Au diode with

associated extracted rectification parameters Ry, 5, # and fui.

On the other hand, the work function difference of ~1 eV between Au/Ti metal
electrodes has a considerable effect in improving MIM rectification as shown in Figs.

6.3 (a) and (b). There is approximately an order of magnitude increase in the current
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magnitude from symmetric (same electrode) to asymmetric (dissimilar electrode)
diode which causes a reduction in the dynamic resistance of the Au/Al,O3/Ti diode
and improves the antenna/diode coupling efficiency. There are also improvements in
zero-bias responsivity, asymmetry and non-linearity in the asymmetric diode where it
has an Rpof 35 MQ and Sy of -0.6 A/W as shown in Fig. 6.3 (b). The maximum g (Fig.
6.3 (b)) and 7 (Fig. 6.3 (c)) were also found to be 5.0 A/W at0.16 Vand 1.7at 1.5V
for this device. Furthermore, maximum fyz at 1.2 V varies from 4.1 for Au/AlbO3/Au

diode to 4.6 for Au/Al,O3/Ti diode as shown in Figs. 6.2 (d) and 6.3 (d).
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Figure 6.3. (a)-(d) Experimental I-V characteristics of the Au/Al,O3/Ti diode with
associated extracted rectification parameters Rp, f, # and fyr. Inset figure (a):

Logarithmic scale of the raw -V data.

A similar behaviour to the Au/AlO3/Ti was observed for the Au/AlbO3/Zn diode
which has an Ry of 5.1 MQ and Sy of 1.60 A/W as shown in Fig. 6.4 (b). Since the
breakdown voltage for this diode was less than 1 V, the I-V curve was swept between
-0.75 V and 0.75 V. Therefore, the maximum g (Fig. 6.4 (b)) n (Fig. 6.4 (¢)) and fvz
(Fig. 6.4 (d)) for this device were found as 2.29 A/W at 0.19 V, 1.7 at 0.25 V and 2.1
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at -0.51 V, respectively. As seen in Figs. 6.3 (a) and 6.4 (a), Au/AlbO3/Ti and
Au/AlxO3/Zn diodes have very similar current magnitude at the same applied voltage
levels. Considering that they have the same 3 nm ALD ALO; layer and Au bottom
electrodes, this shows that the Ti and Zn metals should have similar work functions.
This is supported by the literature values of 4.1 eV - 4.3 eV for Ti and 4.3 eV for Zn
[2,4,5]. It should be noted that, although the Ti can have ~0.2 eV smaller work function
than Zn, the Ry of Au/Al203/Zn diode is ~1 order of magnitude smaller than the
Au/Al>,03/Ti. This could be attributed the highly noisy I-V curve (See inset I-V plot
in Fig. 6.3 (a)) of the Au/Al,O3/Ti diode around to 0 V. However, it is seen that at
higher bias (>0.58 V) the current magnitude of the Au/Al>O3/Ti diode becomes higher
than the Au/Al,03/Zn.
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Figure 6.4. (a)-(d) Experimental I-V characteristics of the Au/Al,03/Zn diode with

associated extracted rectification parameters Rp, £, # and fxz.

There has been no observation of critical improvement in asymmetry and non-linearity
for Au/AlLO3/Ti and Au/Al2O3/Zn diodes likely to be due to direct tunnelling (DT)
being dominant conduction mechanism within the voltage range of -1.5 Vto 1.5 V

(Fig. 6.3 (¢)-(d)) and -0.75 V to 0.75 V (Fig. 6.4 (c)-(d)), respectively. Note that the
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Fowler Nordheim tunnelling (FNT) could not be observed in these devices due to
breakdown voltage being low. An improved asymmetry of ~1350 at 4.1 V has been
reported for ZrCuAINi/10 nm Al,O3/Al diode due to FNT [8]. The results on Au/Ti
diode in this work are in line with the reported low asymmetry for 3.5 nm Al>,O3 diode

with dissimilar electrodes caused by DT at lower voltage levels [8].

Figure 6.5 shows the I-V behaviour and the extracted rectification parameters of the
Au/ZnO/Au diode between -0.75 V and 0.75 V. Due to a smaller Au/ZnO barrier, there
is a considerable increase of current for this diode (Fig. 6.5(a)) when compared to
Au/AlLO3/Au, resulting in a very low Ry of 540 Q (Fig. 6.5(b)). The latter represents
critical improvement to a state-of-the-art Ti/ZnO/Pt diode [9] with reported Ry =1200
Q and Sy of ~0.1 comparable to S of 0.06 in this work.
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Figure 6.5. (a)-(d) Experimental I-V characteristics of the Au/ZnO/Au diode with

associated extracted rectification parameters Rp, £, 7 and fy;.

Although the device is symmetric (y~1, Fig 6.5 (¢)) with a maximum £ of 0.78 at 0.18
V and a maximum fyz of 1.9 at -0.75 V (Fig. 6.5 (d)), it was already proved that the

Po, n and the fy; values could be further improved using dissimilar metal electrodes
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(Figs. 6.3-6.4). Therefore, a very low Ry can be maintained at the same time using an
oxide having high electron affinity and consequently low metal/oxide barrier height

as in Au/ZnO.

For a better comparison, the experimental and theoretical I-V diagrams and the
dynamic resistance curves of these four diode configurations were plotted together
between -0.75 V and 0.75 V voltage range in Figs. 6.6 (a)-(d). Theoretical I-V
characteristics using the same diode structures with their deduced barriers were
generated using the in-house simulation model explained in section 3.3. The
parameters used in simulations are as follows: The work functions of Au, Ti and Zn
were taken as 5.1 [3,4],4.1 eV [3,5] and 4.3 eV [4,5] respectively. The electron affinity
of Al,O3 was 1.6 eV [1,2] and ZnO was 3.7 eV [6]. The dielectric constant of Al,O3
is 10 and ZnO is 9.4 based on Refs. [2,10-13], as well as the static dielectric
permittivity calculations from C-V measurements. The electron effective mass is taken

as mesr = 0.3mo, where my is the free electron mass.
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Figure 6.6. Experimental and simulated I-V characteristics of (a) Au/Al,Os/Au, (b)
Au/AlL,03/Ti, (¢) Au/Al2O3/Zn and (d) Au/ZnO/Au diode structures with associated

dynamic resistances (Rq).
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A similar trend to the experimental I-V data shown in Figs. 6.6 (a)-(d) can be seen
from the simulations. As seen from both experimental and theoretical I-V curves,
lowering the barrier height between metal/oxide interface induces several orders of
magnitude increase of current and causes a significant decrease in the device dynamic
resistance. As mentioned before, the discrepancy in the experimental I-V curve of
Au/ALO5/Ti diode at low voltage range can also be seen from the simulation results.
In the simulations, the current magnitude of the Au/Al>O3/Ti diode is higher than the
Au/Al,03/Zn for the whole voltage range due to the 0.2 eV difference in their electron
affinities while in the experimental curve the Au/AlbO3/Ti starts to dominate the

Au/Al;O3/Zn diode after 0.58 V.

Further improvement of rectification parameters can be achieved by lowering the
barrier height by using metals with lower work functions or fabricating multiple
insulator MI"M diodes to achieve the RT conduction mechanism. Triple insulator

(MI*M) structures are investigated in the next section for this purpose.
6.3 Triple insulator non-cascaded MI*M diodes

Energy band diagrams of the non-cascaded Al/Ta>xOs/Nb2Os/Al2O3/Al structure, and
the possible number of bound states formed in the potential well due to RT for each
applied voltage are shown in Fig. 6.7. The alignment of the metal Fermi level with
conduction bands of the insulators at a given external bias and the number of bound

states were determined using the in-house simulation tool explained in section 3.3.
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Figure 6.7. Band alignment for non-cascaded Ta;Os/Nb2Os/Al2O3 rectifier with
thickness ratio (in nm) 1/3/1, under (a)-(d) positive bias, (e)-(f) negative bias.
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It can be seen from Fig. 6.7 (a) that even when the applied voltage is zero, there is a
bound state formed in the conduction band of Nb,Os. This is due to the barriers formed
at the interfaces of Nb,Os/TaxOs (0.2 eV), and Nb2Os/Al,03 (2.1 eV). As shown in
Fig. 6.7 (b), there is the possibility of having another bound state when the applied
bias reaches 0.25 V, but as can be seen from experimental data in Figs. 6.8 (a) and (b),

the measured current levels are found to be low.
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Figure 6.8. Experimental I-V characteristics for non-cascaded MI°M diodes with
TaxOs/Nb20s/Al>O3 thicknesses (in nm) (a) 1:3:1 and (b) 1.5:2.5:1 fabricated by ALD;
their rectification parameters: (c)-(d) dynamic resistance and responsivity, (e)

asymmetry and (f) non-linearity.
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The latter is due to the very small number of electrons available to tunnel at this energy
level as defined by Fermi-Dirac statistics; there is a large difference between the Fermi
level of the metal and the energy level of the bound state. This is substantiated by
simulations shown in Fig. 6.9 (a). Although there is a possibility of resonant tunnelling
at two bound states located at 0.51 eV and 0.67 eV in Fig. 6.9 (a), the transmission
probability is very low, ~107!!. However, if the voltage is increased beyond 0.35 V
(Fig. 6.7 (¢)), it is possible to observe enhanced current due to resonance or in other
words, a relatively larger number of electrons can tunnel via the bound state compared
to the case of applied voltage of 0.25 V. This is clearly evident in the asymmetry plot
in Fig. 6.8 (e).
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Figure 6.9. Transmittance and tunnelling probability curves generated at: (a) £ 0.25 V
and (b) = 0.35 V (¢) = 1.2 V for non-cascaded Al/1.0 nm Ta>0Os/3.0 nm Nb2Os/1.0 nm

ALO3/Al diode. (d) simulated I-V curves for forward and reverse bias.

The asymmetry starts to increase from 1, for bias above 0.35 V. Furthermore, as shown
in Fig. 6.9 (b), the bound states are located at 0.47 eV and 0.63 eV and are closer to

the Al Fermi level. In this case, the transmission probability is higher (~107?)
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compared to the case of the applied voltage of 0.25 V. Nevertheless, due to the effect
of large barrier height between Al/Nb,Os interface (0.6 eV) (Fig. 6.1 (e), a pronounced
effect of enhanced current due to RT cannot be observed in experimental data shown
in Fig. 6.8 (a). For further increase of the bias to 1.2 V (Fig. 6.7 (d)), the Nb2Os layer
reaches the FNT and RT regimes. There are three bound states for external bias of 1.2
V,at0.08 eV, 0.33 eV and 0.59 eV as shown in Fig. 6.9 (c). Aligning the Fermi energy
of the metal with the bound states gives the maximum current transmittance in one
direction. This is due to the transmittance being the product of Fermi-Dirac-like
distribution of particles over energy states of the metal electrode and tunnelling
probability. Dominance of forward current due to the resonant tunnelling can also been

seen for bias above ~1.05 V in the simulations shown in Fig. 6.9 (d).

Figure 6.8 also shows the results for the 1.5:2.5:1 MI°M diode structure, where the
thickness of Nb2Os is reduced by 0.5 nm and of Ta;Os is increased by 0.5 nm to
maintain the same total thickness of 5 nm. The voltage for strong resonance to occur
is therefore higher in contrast to the 1:3:1 configuration. Note the significantly lower
current for this device in Fig. 6.8 (b) compared to the 1:3:1 configuration shown in
Fig. 6.8 (a). This is presumably due to the significant increase in tunnelling resistance
with increase of TaOs thickness. Furthermore, the effect of enhanced current due to
resonance is less pronounced in 1.5:2.5:1 structure due to reduced potential across the
thinner Nb>Os layer. Therefore, a larger voltage must be applied on 1.5:2.5:1 structure
to increase the depth of the triangular quantum well (QW) between Nb2Os/ALO3 to

achieve the same current level as in 1:3:1 diode configuration.

For reverse bias, the behaviour is very similar for both MIM diode configurations.
The conduction in the films is dominated by DT and FNT when the applied bias is less
than -1.5 V as can be seen in Fig. 6.7 (). A QW is created in the conduction band of
Nb2Os as the bands are bent. However, as a result of the small barrier between Nb2Os
and TaxOs (0.2 eV), the bound state leaks to the left, resulting in the conduction in
reverse bias to be dominated solely by DT and FNT. A potential of ~ -1.5 V must be
applied for the metal Fermi level to overcome the conduction band (CB) of Ta>Os and

Nb2Os to reach the step tunnelling regime (Fig. 6.7 (f)).

Dynamic resistance (Rq), responsivity (f), asymmetry (y = |I+/L| or |L/I+|, where I+

refers to forward bias current and /. to reverse bias current) and non-linearity (fyz) vs.
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applied bias for the MI°M devices are shown in Figs. 6.8 (c), (d), (e) and (f)
respectively. The highest o of 1.2 A/W was achieved for 1:3:1 MI*M structure; while
a peak 7 for this structure was found to be 4.3 at 1.6 V. A particular interest in
enhanced zero bias responsivity is due to diode applications for IR energy harvesting
where they need to operate at zero bias. Furthermore, the zero bias resistances of these
two diodes structures are in the range of 10° to 10® Q as shown in Figs. 6.8 (c)-(d).
These large values are mainly due to the large barrier height of > 0.7 eV at the interface
of Al/Ta;0s (see Fig. 6.1 (d)). Reducing this barrier height could lower the resistance
and this has been considered in the next section by adopting a cascaded insulator

configuration.
6.4 Triple insulator cascaded MI°M diodes

The energy band diagrams for cascaded A/Nb,Os/Ta>0s/Al,03/Al MIPM structure
under positive and negative bias are shown in Fig. 6.10. As seen in Fig. 6.10 (a), no
bound states exist in the cascaded structure for zero bias. Fig. 6.10 (b) illustrates that
it is possible to obtain a bound state in the conduction bands of both Nb>Os and Ta>Os
but the conduction process is dominated by DT in all three insulators when the applied

biasis< 1.1 V.

Voltage = 0.00 V (a) Voltage < 1.10V (b) Voltage = 1.10V (c)
Bound states=1 Bound states=1 Bound states =1
DT
d ¢ f
Voltage = 1.70 V (d) Voltage < -2.10 V (e) Voltage > -2.10 V (")
Bound states = 2 Bound states = 0 Bound states =0

FNT+RT

FNT+DT

Figure 6.10. Energy band diagrams for cascaded MIPM structure with
Nb20s5/Ta205/Al205 thickness ratio (in nm) 1:3:1 under: (a) zero bias, (b)-(d) positive
bias, (e)-(f) negative bias.

168



However, based on electrostatic calculations for 1:3:1 configuration, beyond 1.1 V
(Fig. 6.10 (c)), the decreasing energy difference between the Al Fermi level and this
bound state leads to an enhanced current due to resonance. The strong resonance is
depicted for this structure from 1.7 V (Fig. 6.10 (d)). For reverse bias, the conduction
below -2.1 V is dominated by DT and FNT (Fig. 6.10 (e)); further increase of voltage
beyond -2.1 V leads to a step tunnelling regime (Fig. 6.10 (f)).

The experimental I-V characteristics for this device are shown in Fig. 6.11 (a), where
measurements are taken from zero bias to either positive or negative bias (top graph)
and also for continuous sweep, from negative to positive bias with a step voltage of

1.5 mV (bottom graph).
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Figure 6.11. (a) Experimental I-V characteristics for cascaded MI°M rectifier based
on Nb>Os/Ta0s/Al>03 with thickness ratio (in nm) 1:3:1: (top) positive and negative
bias sweeps start from 0 V; (bottom) continuous sweep from negative to positive bias;
(b) dynamic resistance and responsivity, (c) asymmetry: # = |I+/L| for discontinuous
sweep (top), # = |I/I4| for discontinuous sweep (middle), # = |I+/L.| for continuous
sweep; (d) non-linearity. The top and middle graphs in (¢) are derived from I-V curve
shown in top of (a); the graph at bottom of (c) is derived from I-V curve shown at the

bottom of (a).
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It can be seen that when sweeping from negative to positive voltage, the minimum
current does not occur at 0 V, but there is a shift towards negative voltage level. The
latter has been observed in Al/Al,O3/Ag diodes and the shift has been argued to be due
to charge trapping or charge accumulation at Al/Al,Os interface [14]. Further study of
this effect is beyond the scope of this work [15], but the referring I-V characteristic
has been presented here to illustrate that the erroneously high asymmetry value of ~10*
at 0.5 V can be derived from such graph (see Fig. 6.11 (c),bottom). Therefore, the 7,
f and fyr can only be considered accurate from the I-V plot shown in Fig. 6.11 (a)
(top). The simulation results for the cascaded diode are depicted in Fig. 6.12. There is
a strong effect of RT at 1.7 V as shown in Fig. 6.12 (a) with two bound states
positioned at 0.00 eV and 0.33 eV. As shown in Fig. 6.12 (b), simulated rectification
reversal point is seen at higher voltages ~1.55 V in comparison to non-cascaded

configuration (~1.1 V, Fig. 6.9 (d)).

It can be seen from Fig. 6.11 (a) (top), that the rectification reversal and a change in
curvature occurs at ~1 V in agreement with the band diagram shown in Fig. 6.10 (c)
where the existence of a bound state can be observed in both potential wells. The
increased current beyond 1 V is due to resonant tunnelling and leads to the high

asymmetry of 117 at 1.6 V (Fig. 6.11 (c), top).
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Figure 6.12. (a) Transmittance and tunnelling probability peaks at + 1.7 V and (b)
simulated -V curves for cascaded Al/1.0 nm Nb2Os/3.0 nm Ta2Os/1.0 nm Al,O3/Al
diode.

Note that by calculating asymmetry using the ratio of negative bias current to that of
positive bias current, a peak asymmetry of 6 can be observed at 0.1 V as shown in Fig.

6.11 (c) (middle). The zero bias responsivity was found to be -3.7 A/W, while a peak
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value of 5.5 A/W at 1 V and the zero bias dynamic resistance of this device is ~10° Q

(Fig. 6.11 (b)). Finally, the maximum non-linearity is found to be 11.8 at 1.1 V as
shown in Fig. 6.11 (d).

The rectification reversal, peak device z, maximum and zero-bias £ values of

fabricated MIM and MI°M diodes in this section are summarised in Table 6.1.

Table 6.1. A summary of rectification parameters for fabricated MIM and MI°M

rectifiers fabricated by shadow mask evaporation.

Maximum Zero-bi Zero-bias
Tunnel-barrier Rectification | Maximum axi ur ero- .la.s dynamic
device Reversal asymmetry responsivity | responsivity resistance
(A/W) (A/W) Q)
AWALOy/Au NA [ 13at12v | 2P0 0.10 83 M
AWALOS/Ti NA | 17acnsy | 2000 0.60 35M
AWALO3/Zn N/A L7 a\t/0'25 23 a\t/O.19 1.60 5.1M
Au/ZnO/Au N/A 1at0.01 V 0.78 2} 0.18 0.06 540
Tazos/Nb205/A1203
(1:3:1 non- 035V 43atl.6V 4.3 21\1:70.35 1.20 2.8 M
cascaded)
Tazos/Nb205/A1203
(1.5:2.5:1 non- 0.40V 42atl.6V 3.4at0.40 0.20 950 M
A"
cascaded)
117 at 1.6
N(bfgfé‘;(s)s; ?;3?3 110V v 55at1.0V | -3.70 3.6G
o 6at0.1V

It is worth mentioning that the level of current in I-V simulations shown in Figs. 6.9
(d) and 6.12 (b) is much higher than that observed from the experiments in Figs. 6.8
(a) and 6.11 (a). This is due to limitations of the quantum-mechanical model and
simulation that account only for the effect of the change in curvature of I-V curve due
to the resonant tunnelling and available bound states from the energy band alignments
as depicted in Figs. 6.7 and 6.10. To account for the effect of other conduction
mechanisms and their effect in closely matching the level of current in theoretical to
experimental [-V curves is outside of the scope of present work. It can be seen from
Table 6.1 that the rectification performance from MI*M diodes is superior to MIM
diodes, especially the one in cascaded configuration where f =-3.7 A/W and =16
at 0.1 V. Another significant result from this study is that although RT can be observed

in non-cascaded MI°M configuration in sub-V range, it has a small effect on enhancing
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current with asymmetry being less than 2 below 1 V and reaching ~4 at 1.6 V (see Fig.
6.8 (e) and Table 6.1). Further optimization of the MIM and MI*M diodes needs to be
considered in order to achieve lower zero bias dynamic resistance for rectenna

applications.
6.5 Conclusion

In this chapter, optimized single M;IM: and triple MI*M diodes have been fabricated
using ALD, RF sputtering and shadow mask evaporation techniques with the aim of
improving the rectification performance. The device asymmetry (77), zero-bias
responsivity (£o), non-linearity (fyz) and zero-bias dynamic resistance (Ry) have been
enhanced in single insulator configurations using dissimilar metal electrodes (Au/Ti
and Au/Zn) with different work functions. The Au/Al>O3/Zn diode exhibited a peak #
of 1.7 at 0.25 V and a fy of 1.60 A/W while having around an order of magnitude
decrease in the Ry compared to the symmetric Au/Al>O3/Au configuration. A
Au/ZnO/Au diode was also fabricated to particularly decrease the Ry with the reduced
barrier height using ZnO with a higher electron affinity value of (y = 3.7 eV) compared
to A,O3 (y = 1.6 eV). An extremely low Ry of 540 Q was obtained from the DC I-V
measurements which is ~5 orders of magnitude lower than for the Au/AlbOs/Au

configuration which makes ZnO as a promising candidate for THz MIM diodes.

Superior rectification performance (f3, 7, fiz) in triple-insulator MI°M in comparison
to single M IM> rectifiers was also demonstrated in this work. Detailed electrical
characterisation and simulation results show the effect of RT in thin (< 5 nm) insulator
layers. The non-cascaded Ta>Os/Nb>Os/Al,O3; MIM structures with two different
thickness ratios, and a cascaded NbyOs/Ta>Os/Al,O3 device were fabricated and
investigated. The evidence of RT can be found from a change of curvature and
significant increase of current in the I-V characteristics. The RT was experimentally
observed at ~0.35 V for non-cascaded and ~1 V for cascaded triple insulator MI*°M
device. The strong RT effect has an impact on enhanced forward biased current and
increased asymmetries (up to ~120) at higher voltages above 1 V. The highest low
voltage asymmetry of 6 at 0.1 V and zero-bias responsivity of -3.7 A/W were observed
for cascaded MI°M structure which can be attributed to the effect of DT and FNT
dominance on current transport. Although the dynamic resistances are too large for

integration with the antenna part of the rectenna, lowering the metal/oxide barrier can
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pave the way for further optimization of triple insulator configurations together with

dissimilar metal configurations (M;I°M,).
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Chapter 7



7. Optimization of MIM rectifiers for THz rectenna devices

In this chapter, it is aimed to further optimize the MIM diode configurations to achieve
low zero-bias (Ry) resistance and increase coupling efficiency (77.) with the antenna
part. This is achieved by using rectenna contender oxides such as NiO, ZnO and TiO>
and scaling down the devices. Thin (< 7 nm) insulating layers were fabricated using
RF magnetron sputtering. Metal electrodes were deposited by thermal evaporation and
RF sputtering using photolithography processes. The device areas range from 1 pm?
to 64 um? depending on the patterning process, to observe the effect of device scaling
on the DC rectification properties. The DC [-V measurements were performed on
fabricated diodes to evaluate key rectification parameters such as Ry, Sy and # at zero-
bias. Complementary theoretical calculations based on physical parameters extracted
in Chapter 5 were carried out to substantiate the experimental results. The best
rectification performance was achieved for a Au/2.6 nm ZnO,/Cr diode, scaled down
to 1 um? device area, showing a zero-bias dynamic resistance of Ry = 71 kQ, zero-bias
responsivity fo=0.28 A/W and a coupling efficiency 7. = 2.4 x 10 % for rectification
at 28.3 THz. The significance of this study is that it employs a methodology whereby
key parameters of the MIM stack are derived from physical measurements which are
then used to assist in the fitting of electrical current voltage data to produce a reliable
appraisal of diode performance in an IR rectenna. The outcomes of this chapter have
been submitted to Journal of Applied Physics together with the results of Chapter 5.

The manuscript has been accepted for publication after minor revision.
7.1 Effect of device scaling on rectification behaviour of MIM diodes

Figure 7.1 shows I-V characteristics and associated rectification parameters of CrAu/7
nm NiO/CrAu diodes fabricated by photolithography using four different areas, from
64 um? to 1 um?, to investigate the effect of scaling on the device rectification. As can
be seen in Figs. 7.1 (a)-(b), reducing the device area causes decrease in the current
level and an increase in the dynamic resistance as expected. The smallest Ry was found
to be 29 kQ for the 64 um? NiO-based diode, while values of 75.9 kQ, 156.6 kQ and
461.0 kQ were observed for 16 um?, 4 um? and 1 pm? devices respectively. The
highest 8y was found to be 0.76 A/W for 1 um? diode being in advance to state-of-the-
art values reported to be ~ 0.5 A/W [1-3]. The asymmetry, # (Fig. 7.1(d)) for all
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devices was found to be ~1 due to the symmetric metal electrode configurations and

could be enhanced using dissimilar metals.
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Figure 7.1. (a) The experimental I-V characteristics with associated extracted
rectification parameters: (b) R, (c) f and (d) # for CrAu/NiO/CrAu diodes with varying

areas, from 64 um? to 1 pm?. The nominal NiO thickness is 7 nm.

On the other hand, in Fig. 7.2, reduced NiO thickness (5 nm) with the same metal
configuration (CrAu/CrAu) was compared with the thicker device (7 nm) for the same
device area of 64 pm? with the aim of comparing the effect of reduced Ry on the device
coupling efficiency, 77.. The 2 nm thinner device exhibited ~1 order of magnitude high
current magnitude and consequently a lower Ry (5.6 kQ). The o= 1.81 A/W of the
thinner diode was also found to be better than the thick one with a slightly higher
asymmetry. However, although this diode has a lower Ry and better Sy than the 7 nm
diode at the same 64 pm? area, the projected 7. of the 7 nm diode with 1 um? device
area is much higher the 5 nm-64 um? one as shown in Fig. 7.3, where a similar 7.

prediction as in Fig. 2.20 was done using the NiO based diodes at different areas and
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zero-bias dynamic resistances. The 7. was calculated using Eqn. 1.2 and assuming an

antenna resistance of 100 Q.
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Figure 7.2. The experimental I-V characteristics with associated extracted rectification
parameters: (b) R, (c) # and (d) 5 for 64 um? CrAu/NiO/CrAu diodes with the nominal

5 nm and 7 nm NiO thicknesses.

As shown in Fig. 7.3, despite the highest Ry (461 kQ), 7. = 1.5x10° % was obtained
for the 7 nm NiO based diode having 1 pm? device area which makes this device the
most efficient among the others. The 7. is gradually decreasing with the increasing
diode area down to 5.9 X107 % for the 64 um? device area having 7 nm NiO thickness
which is ~3 orders of magnitude lower than the 7. obtained for the smallest device
area. It is also seen that reducing the thickness from 7 nm to 5 nm for the 64 um?
device causes ~ 1 order of magnitude decrease in the Rpand consequently ~ 1 order of
magnitude increase in the 7. up to 1.7x107 %. The results support the theoretical
predictions done in Fig. 2.20 where the device area is much more critical than the

diode resistance and shows the necessity of fabricating nano-scale devices.
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Figure 7.3. Projected 7. of the 7 nm (areas of 1 pm?, 4 um?, 16 pm? and 64 pm?) and

5 nm (64 um?) NiO based diodes compared to 100 Q antenna resistance.

As reported in Table 7.1, the most recent data [1] demonstrates a scaled 0.025 pum?
Ni/~1.5 nm NiO/CrAu diode, where the oxide is grown by plasma oxidation, with a
much lower Ry = 630 Q in comparison to previously published data on similarly
processed NiO-based MIM diodes. For example, a similar configuration with even a
considerably larger area (1.45 pm?) diode of Ni/3 nm NiO/Cr fabricated by Krishnan
et al. [3], where the oxide is prepared by plasma oxidation, resulted in a Ry of 500 kQ.
In another similar structure of Ni/NiO/Ni, fabricated by Choi et al.[2], with <4 nm
thick plasma oxidized NiO and an aggressively scaled diode area of 0.018 um?, the
resulting Ry in is the order of megaohms, i.e. 42.4 MQ, while 5y is comparable (= 0.41
A/W) as in Ref. [1].

In this study, a large Ry of 461 kQ for 1 um? scaled diode area on CrAu/~7 nm
NiO/CrAu, where NiO was processed by radio frequency (RF) sputtering is also in
line with the observed values in Ref. [3], while £y was found to be slightly improved
to 0.76 A/W. An anomalously low Ry in Ref. [1] has been interpreted to be due to very
small Ni/NiO and CrAu/NiO barriers 0of 0.1 eV and 0.07 eV respectively. These values
were deduced from simulating the theoretical current voltage (I-V) curve of the MIM
stack with assumed band diagram values to match the experimental I-V data. This

approach is often used in the literature but gives a wide range of values for metal/oxide
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band diagram parameters that do not agree with values extracted from physical
characterization of associated thin films rendering difficulties in interpreting the
results. In the case of Ref. [1], the electron affinity (y) of NiO is deduced to be 4.8 eV
from the theoretical I-V curve, while in Ref. [4] using the same fitting approach, y of
a similar plasma oxidized NiO film is estimated to be 2.05 eV. A similar uncertainty
is also seen in Jayaswal et al. [5] work. Although the reported 7, is ~1.9x107 % for
Au/Al,03/Ti diode, as mentioned in Ref. [5], the electron affinity and the work
function of the metals deviate significantly from the literature values (£2 eV)
questioning the physical meaning of values extracted from I-V fittings and accuracy
of predicted 7n.. Looking at the published data [6,7] from ultraviolet and X-ray
photoemission spectroscopy (UPS, XPS), the electron affinity of NiO has been
measured to be 1.46 eV [6], while for as-deposited NiOx y is 2.1 eV [7]. These studies
clearly point to a decrease or increase of electron affinity depending on the surface

treatment of NiO, where the band gap structure also changes.

Table 7.1 A summary of MIM diode rectification figure of merits (Ry, ) of devices
fabricated based on TiO2, ZnO and NiO films and their comparison with the state-of-

the-art. The stated coupling efficiency (77.) values refer to 28.3 THz.

Device deg;(sl?tieon fox Area Po Ro Ne
2

method (nm) | (um?) | (A/W) | (Q) (%)
Au/ALO3/Ti [5] ALD 1.5 0.04F 0.44 98 k 1.9x103*
2

Ni/NiO/Ni [2] Plasma ox. <4.0 0.018 -0.41 42 M 1'5110

e 1.3x10%

Ni/NiO/Cr [3] Plasma ox. ~2.5 1.45 0.50 500 k "
Ni/NiO/CrAu [1] Plasma ox. 1.5 0.025 0.41 630 2.9x107!
CrAWNIO/CrAu (this | ppgoering | 6.8 ~1 076 | 461k | 1.5x10°

work)
Ti/TiOW/Pt [8] Self- ) 150 | 225 | 170k .
oxidation
Ti/TiOy/Pd [4] in-situ 3 - ~ | 100k -
oxidation
Auw/TiO,/Cr (this work) RF Sputtering 2.5 ~4 1.2 193k | 1.6x10°
wE)
Ti/ZnO/Pt [9] ALD 40 | ox10¢ | 0.125 | 1.2k | +6%10

Au/ZnOy/Cr (this work) RF Sputtering 2.6 4 0.23 35k 3.3x10°¢
Au/ZnOy/Cr (this work) RF Sputtering 2.6 ~1 0.28 71k 2.4x10°

* Coupling efficiency calculated based on the stated thickness, area and Rp values.
TDevice area calculated based on stated dimensions.

* Oxidation in an elevated temperature and humidity.
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Besides this, fitting the [-V curve with ynio ~ 2 €V to the same configuration as in Ref.
[1] would result in ~6 orders of magnitude higher Ry and projected much lower 7. of
~10° %. In order to confirm this, initially the I-V curve of the Ni/NiO/CrAu device
was regenerated by the in-house model using the reported values of the diode
properties in Ref. [1]. Then, the y of NiO was changed from 4.80 eV to 2.46 eV and
2.05 eV based on the FNT and the XPS results of this work, respectively. The

simulated I-V curves are shown in Fig. 7.4.

10— Ino = 4.80 eV, Ref. 6
10_2: ---- %o = 2.05 eV, XPS result
2 Fo Anio = 2.46 eV, FNT result
= 101
o 1
3 10761
8 400
1010 Tl T o ,.:';' ---------
7
10-12 T T T

03 02 01 0 01 02 03
Voltage (V)

Figure 7.4. Simulated I-V curves of Ni/1.5 nm NiO/CrAu diode based on the results
obtained in Ref. [1], FNT (y = 2.46 eV) and XPS () = 2.05 eV) measurements.

Based on the above mentioned variety of supporting values in the literature
[2,3,6,7,10], the results of this work raise the question regarding the repeatability of a

very low barrier of ~0.1 eV between the Ni/NiO interface demonstrated in Ref [1].
7.2 Applicability of TiOz and ZnO thin films in 28.3 THz rectennas

In this section, MIM diodes have been fabricated based on (< 3 nm) TiO; and ZnO
thin films to study their suitability for inclusion in 28.3 THz rectennas. The measured
electron affinity values found in Chapter 5 were used to fit experimental I-V curves of
associated MIM diodes. As explained in the literature review section of Chapter 2, the
rectification at 28.3 THz has recently been demonstrated by rectenna devices based on
MIM diodes using the Au/Al,O3/Ti [5] configuration. Although the results are

promising, the overall conversion efficiency is low, 2.05 x 10'* [5] mainly due to the

181



poor rectification properties of the diodes. Khan et al.[9] have reported Ry = 1.2 kQ
and Sy =0.125 A/W for Ti/4 nm ZnO/Pt diode, where the oxide is processed by ALD.
However, due to the large diode area of 9x10* um?, this diode has a very low cut-off
frequency (f.) and hence low antenna/diode coupling efficiency. According to Table
7.1, the highest . = 2.9x10"! % has been reported for Ni/NiO/CrAu [1] due to
considerably smaller Ry (~630 Q) than the other reported values (500 kQ [3,10], ~40

MQ [2]) on similar diodes, which has been discussed in the previous section.

In this study, the experimental and theoretically fitted I-V curves of TiO2 and ZnOx
based MIM devices fabricated by photolithography are shown in Figs. 7.5 (a)-(b)
together with extracted rectification parameters of dynamic resistance (Fig. 7.5 (c))

and responsivity (Fig. 7.5 (d)).

1073 . 1078
Au/TiO,/Cr (a) Au/ZnO/Cr (b)
1
- . 1074
< <
5 5
&) o, .
_gi _8 1071
< <
_7‘
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101 © Sim Area = ~ 4 um? . ©  Sim Area = 4 pm?
06 -04 02 0 02 04 06 06 -04 02 0 02 04 06
Voltage (V) Voltage (V)
108 4
a —
S 10 <
R £ 0
3 3
ia &
2 104 2 -2
© o
& AUITIO,/Cr - R, = 193 kQ AUITIO,/Cr - B, = -1.2 AIW
- - - - AU/ZnO/Cr - R = 35 kQ 49k - - - AWZnOICr - 3, = 0.23 AW
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Figure 7.5. Experimental and fitted /-V characteristics of (a) Au/TiO»/Cr, (b)
Au/ZnO/Cr diodes with 4 um? device area and their (c¢) dynamic resistance vs. applied
bias; (d) responsivity vs. applied bias curves. The zero bias dynamic resistance (Ry)

and zero-bias responsivity () are stated for each device.
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The fitted I-V curves were generated using the in-house simulation model [11,12]
which was explained in detail in section 3.2. The best fit to the experimental data in
Fig. 7.5 (a)-(b) was achieved by inserting ytio2 = 3.6 €V and yznox = 3.7 €V which is
in agreement with values derived in Table 5.5. Other parameters used in simulations
are as follows: work functions [13] of Au and Cr were taken as 5.1 eV and 4.5 ¢V,
respectively; the static dielectric constant of TiO, was 25 [14] and of ZnO was 9.4

[15], while electron effective mass was m” = 0.3my, where my is the free electron mass.

Figures 7.5 (c)-(d) show the rectification parameters Ro and £y of Au/2.5 nm TiO2/Cr
and Au/2.6 nm ZnO/Cr diodes with nominal device area of 4 um? device. A smaller
zero-bias dynamic resistance of Rp= 35 kQ can be seen for the ZnO based diode in
comparison to 193 kQ for TiO; based device. Even though the zero-bias responsivity
of Ti0; based diode (fy=1.2 A/W) is higher than for the ZnO one (5,=0.23 A/W), an
order of magnitude lower Ry makes the ZnOx based diode more advantageous for

rectenna due to better diode/antenna coupling efficiency.

In Figures 7.6 (a)-(b), it has been shown that further scaling of the ZnOx based diode
to a size of 1 um? can result in £5=0.28 A/W and Ry= 71 kQ. These diode metrics
represent an advance on the previously reported state-of-the-art Ti/ZnO/Pt [9] device

in terms of considerably higher coupling efficiency (17.).

x10°

10 100 4
Au/ZnO/Cr (a) R,= 71kQ (b)

1051 : <} ----5,=0.28 AW r3
~a Q 80+ <
= c -2 ?,
5 104 Z z
= K7 J -1 E
3 ; 3 60 -
» 107" 4 o o

= [oR
Ke) IS 0 %)
< & i Q
10 £ 40 =

] Exp & -1
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10°° T T r T T 20 . . r T T -2
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Figure 7.6. Experimental and fitted I-V characteristics of (a) scaled Au/ZnO/Cr diode
with a nominal device area of 1 pm? with associated (b) dynamic resistance and

responsivity vs. bias curves.
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A projection of calculated 1. of these fabricated diodes is summarized in Table 7.1
and compared with 7. values reported in the literature. The high-frequency
permittivity values of oxides [16] (ex = n?, where n is the refractive index) were used
for the capacitance calculations which are 1.4 for TiO; [17] 2.4 for ZnO [18] 3.24 for
NiO [18], all at 28.3 THz. The best performing diode in this work (Au/ZnO,/Cr with
1 um? area) has 1, = 2.4x10”° % which is 6 orders of magnitude higher than for
previously demonstrated Ti/ZnO/Pt [9] diode with 7. = 4.6x1073%. The Au/TiO2/Cr
has an order of magnitude lower coupling efficiency than the ZnO based one

(1e=1.6x10"%).

Further to the evidence of our experimental results, ZnO and TiO, based MIM diodes
can have a projected . > 1%. This could be achieved by fabricating thinner insulating
layers (~1 nm) with a smaller area (~0.01 um?) and more asymmetric metal
configurations such as Au/Ti or Au/Nb instead of Au/Cr to reduce the Ry since Ti (4.1
eV [19]) and Nb (4.1 eV [20]) metals have smaller work function than Cr (4.5 eV[13]).
For that reason, the I-V characteristics of Au/l nm TiO2/Ti and Au/l nm ZnO/Ti
diodes were simulated considering the electron affinity values experimentally

measured on reference oxide samples as shown in Fig. 7.7.

These simulations results were compared with the experimental I-V curves of the
diodes presented in Fig. 7.5. As can be seen in Figs. 7.7 (a)-(b), there is ~2 orders of
magnitude increase in the current levels of both TiO2 and ZnO based diodes with the
increased asymmetry due to the difference in Au/Ti metal work functions of 1 eV
(work functions of Au and Ti are taken as 5.1 eV [13] and 4.1 eV [19]), as well as the
reduced oxide thickness of 1 nm despite the smaller area (0.01um?) compared to the
experimental diodes having 4 um? area. Figs. 7.7 (c) and (d) show the simulated Ry
values of Au/1 nm TiO2/Ti and Au/1 nm ZnO/Ti diodes with an area of 0.01 um? to
be 1238 Q and 783 Q, respectively.

Considering the Ry of these two diodes, the dynamic permittivity (1.4 for TiO2 [17]
and 2.4 for ZnO [18]) of these oxides at 28.3 THz [16] and an antenna resistance of
100 Q, the coupling efficiency, 1, was calculated. According to these results, the Au/1
nm Ti02/Ti and Au/1 nm ZnO/Ti configurations can have 5% and 3% 1., respectively

which can improve the efficiency ~1 order compared to the highest reported n.=
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0.29% [1] for the single insulator diodes. The projected 7. for TiO, based diode is

higher than the ZnO based one due to its lower dynamic permittivity.
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Figure 7.7. Comparison between the experimental and simulated I-V curves of (a)
TiO2 and (b) ZnO based single insulator diodes and (c)-(d) their calculated dynamic

resistance.

For comparison, the 7, values for three different oxides are summarised in Fig. 7.8. It
is also seen that the 1, for TiO; and ZnO based devices can be improved by ~6 orders
of magnitude compared to our fabricated TiO, based diode (4 um?, 193 kQ) and ~5
orders of magnitude in comparison with the ZnO based diode (1 um?, 71 kQ),

respectively with the proposed modifications.

However, for further increase in the ) while keeping a low Ry, double insulator MI*M
is crucial. As proposed in the theoretical work of Elsharabasy et al. [21]
Cr/Ti02/ZnO/Ti configuration could be a potential candidate to have an efficient
rectifier based on their simulated I-V characteristics. However, the electron affinities

of TiO; and ZnO were considered as 4.20 eV and 4.30 eV in their simulations which
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are 0.6 eV higher than our experimentally found values for both oxides. This
configuration would result in high metal/oxide barriers and consequently high Ry

according to the experimental results.
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Figure 7.8. Projected 7, for TiO2, ZnO and NiO based single insulator diodes with

respect to 100 € antenna resistance.

As an alternative, metals having smaller work functions such as (Ti and Nb) can be
chosen to combine with these two oxides. Another alternative is changing the growth
parameters of the RF sputtered ZnO and TiO; layers to modulate the stoichiometry
and consequently increase the electron affinity of the oxides such as in Ref [1]; or
applying post-deposition treatment such as annealing of the thin films at high
temperatures. Sharma et al. [22] reported an increase in the electron affinity of up to
0.5 eV between the spin coated ZnO thin films annealed at 150°C and 250°C. This
could be a potential solution for having lower metal/oxide barrier heights. As
mentioned in Ref [1], it is not straightforward to predict the projected 1. of the double
insulator configurations without doing an actual optical measurement using a THz
source since the high frequency behaviour of the diodes deviate from the DC I-V
results more than the single insulator configurations, but the 7. can be experimentally
increased >10% [21]. This could be done using metals having lower work functions.
Another modification could be increasing the electron affinity of the oxides by either

modifying the growth conditions to change the stoichiometry or applying post-

186



deposition treatment methods, particularly annealing. By this way, the diode area can

be reduced to nm scales while maintaining a low resistance which improves the 7.
7.3 Conclusion

In this chapter, several scaled MIM devices were fabricated and tested using NiO,
Ti02, ZnO thin films with different metal configurations. The devices were fabricated
using conventional photolithography tools to observe the effect of scaling on the

device performance and calculate the coupling efficiency at 28.3 THz frequency.

CrAu/NiO/CrAu diodes with a nominal 7 nm NiO thickness were fabricated with four
different devices areas including 64 um?, 16 pm? 4 um? and 1 pm? A
CrAu/NiO/CrAu diode having 64 pum? area was fabricated with a reduced NiO
thickness of nominal 5 nm. It was experimentally observed that the device scaling has
a considerably higher impact on the improved coupling efficiency compared to the
reduced oxide thickness. Despite the higher dynamic resistance (Rg = 461.0 k), the
1 pum?, 7 nm NiO based diode exhibited a projected coupling efficiency of
ne = 1.5x107 %, where it was calculated to be 7. = 1.7x107 % for the 64 pm?, 5 nm

NiO based diode having 5.6 kQ Ry, which is ~2 orders of magnitude lower.

Further improvement in the coupling efficiency was obtained using scaled TiO> and
ZnO based MIM diodes with Au/Cr metal combinations. The best achieved coupling
efficiency was found to be 7. = 2.4x107° % for the Au/2.6 nm ZnO/Cr diode having a
device area of nominal 1 um? which is ~ 6 orders of magnitude in advance of the

previously demonstrated ZnO based diode.

Furthermore, the calculations in this chapter provide evidence that by decreasing the
oxide thickness, scaling down the area to nanometre scale and using metals with lower
work function such as Ti or Nb, the 7. of the ZnO and TiO; based diodes can be
increased up to ~ 5% at 28.3 THz. These modifications can also be applied in double
insulator configurations and the efficiency can be improved beyond 10% which could

merit practical application of rectennas.
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8. Conclusion and future work suggestions
8.1 Conclusion

This thesis is focused on THz energy harvesting applications using nano-rectenna
devices as an alternative technology to the conventional photovoltaic solar cells. The
main goal of this study was to model, fabricate and characterise MIM tunnel diodes

for optimising these structures to efficiently work at 28.3 THz frequency.

In this scope, three novel contributions were provided as the outcome of this thesis.
As the first novel contribution, an extensive physical (VASE and XPS) and electrical
(I-V) characterisation study was conducted on different oxides including TiO», ZnO
and NiO to find their physical parameters and reliably assess their performance in the
fabricated devices. Majority of research studies use the wide range of reported physical
values (such as Eg and y) of these materials in the literature. However, it is critical to
experimentally measure these values to understand the rectification behaviour of the

fabricated devices, and hence to have a repeatable process.

Initially, a demonstration of point-by-point VASE analysis was also done on thermal
Si02/Si wafers produced by Nexperia semiconductor company using various
oxidation techniques with the aim of developing gate oxides for Si power MOSFETs.
The purpose of this analysis was to observe any sub-band gap defects in the oxides
and their effect on the electrical characteristics of the devices to have a better
understanding of the gate oxide characteristics. Additional mapping analysis was also
carried out on the SiO2 on Si wafers to observe the film uniformity prior to point-by-
point analysis. It was seen that the SiO> layers grown with different oxidation methods
have a good surface uniformity with a maximum of 0.3 nm variation in thickness.
Then, a sub-band gap €2 peak at 1.3 eV was observed in the point-by-point analysis
which was associated with the O, vacancies in the SiO;. At 2.9 eV, another sub-peak
was observed and found to be as intrinsic to the interface which is explained by the
optical transitions associated with negatively charged O> vacancies in the SiO; layer.
Two other peaks at 3.4, 4.3 eV were referred to the critical points of Si due to
absorption in the substrate. It has been observed that the identification of these defects

in the oxide layers contributes to the explanation of the instabilities caused by
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variations in the trapped charges in the gate-oxide, as well as the emergence of

interface states.

Further VASE analysis was carried out on the RF sputtered TiO», ZnO, and NiO to
find their thickness, optical constants (n, k) and the band gap (Eg). The Eg values of
these oxides were found to be 3.32 eV for TiO», 3.25 eV for ZnO, and 2.75 eV for
NiO using the Tauc plots. Additional VASE measurements were also done on plasma-
enhanced (PE) and thermal ALD TiO> thin films prepared by AMO, Germany which
are utilised as the insulating layer in the fabrication of 1D metal-insulator-graphene
(MIG) diodes. A Eg of 3.50 eV was obtained for the PE-ALD TiO; on metal sample.
However, the MSE value for the fitting of this sample was high at ~11. On the other
hand, for the PE-ALD TiO> on Si and thermal ALD TiO> on metal samples, the Eg
values were found to be 3.38 eV and 3.39 eV, respectively which are closer to the Eg

of the RF sputtered TiO; film.

An elemental XPS analysis was also done on the oxide films to find their
stoichiometry. The metal:oxygen ratios of TiO2, ZnO, and NiO were calculated as
0.506:1, 1.367:1 and 1.425:1, respectively which results in TiOj.93, ZnQOo.73 and
NiQOo.70. The electron affinity, y values of TiO2, ZnO, and NiO were determined to be
3.56 eV, 3.46 eV, and 2.05 eV, respectively from the XPS results. Based on the XPS
and VASE results, the full band alignment of RF sputtered TiO1.9s3, ZnOo.73, and
NiOo.70 was also determined. These results were further correlated with the y values
found from an Folwer-Nordheim (FNT) analysis on the associated reference devices.
The barrier heights between the Al/Ti02, Al/ZnO and AI/NiO were extracted as 0.62
eV, 0.56 eV and 1.82 eV considering the Al work function of 4.28 eV. Therefore, the
x values were calculated as 3.66 eV for TiOy, 3.72 eV for ZnO and 2.46 ¢V for NiO.
Despite the fact that a deviation between the XPS and FNT values was observed with
the decreasing stoichiometry of the oxides, the results were in close agreement. The
obtained physical parameters (Eg and y) were then used to model the I-V behaviour of
the TiO2, ZnO and NiO based MIM stacks and to compare with the experimental I-V

results.

A conduction mechanism study was also done on 3 nm ALD deposited Au/Al2O3/Au
and Au/Al>O3/Ti diodes to observe any possible defect related Poole-Frenkel (PF) or

temperature dependent Schottky-emission (SE) transport in these devices. The
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dynamic permittivity (&,) value was derived from the PF and the SE plots of both
diode configurations and then compared with the &, value found from the VASE
measurements using the refractive index (g, = n’). A large difference was observed
between the &, values from the PF and SE plots compared to the VASE results (g, =
3.15) indicating that these two conduction mechanisms are not present in these
devices. The FNT analysis could not be done on these devices due to the low
breakdown voltage of > 1.5 V and relatively high barrier heights at the Au/Al,03 (~3.5
eV) and Ti/AlOs; (~2.5 eV). However, considering the absence of PF and SE
mechanisms, as well as the ultra-thin (3 nm) ALD oxide layer, the conduction is most

likely due to the direct tunnelling (DT) mechanism.

The second contribution is improving the rectification performance of tunnel rectifiers
by engineering the MI"M diode structures. To do this, shadow mask evaporation, ALD
and RF sputtering processes were used to fabricate variety of single (MIM) and triple
(MI*M) insulator diodes having 10* um? device area with the aim of investigating
different metal/oxide combinations. Therefore, enhanced rectification performance in
terms of device asymmetry (), non-linearity (faz), zero-bias responsivity (fp) and
dynamic resistance (Rp) was targeted. The experimental results showed that using
dissimilar metal electrodes such as Au/Ti and Au/Zn exhibits higher # and f, as well
as ~1 order of magnitude lower Ry. A peak 5 of 1.7 at 0.25 V and a Sy of 1.60 A/W
with 5.1 MQ were obtained using Au/Al2O3/Zn diode configuration. Besides this, it
has been demonstrated that lowering the metal/oxide barrier height with the use of
ZnO based diodes dramatically reduces the Rpand consequently improve the coupling
efficiency (7). The Au/ZnO/Au diode exhibited 540 Q Ry which is ~5 orders of
magnitude lower than the Ry of Au/Al>O3/Au device having the same oxide thickness
due to the difference between the electron affinity values of ZnO (y = 3.7 eV) and
AlLO3 (y = 1.6 €V). This made the ZnO one of the promising oxides in this study.

It was also shown that triple insulator MI°M rectifiers exhibit better rectification
performance (£, 7, fvz) than single insulator M;IM; diodes. The effect of RT in triple
insulator layers was demonstrated by detailed electrical characterisation and
theoretical simulations. This was achieved using a cascaded Ta>xOs/Nb2Os/Al>,O3 diode
with a nominal thickness ratio of 1/3/1 and two non-cascaded Ta;Os/Nb2Os/Al,O3
diodes with different thickness ratios as 1/3/1 and 1.5/2.5/1. All three structures had a
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total thickness of 5 nm. A change in curvature and a substantial increase in current on
the I-V curve was used to identify the RT. It was observed that the RT is more
dominant at lower voltages (~0.35 V) for the non-cascaded MI°M device compared to
the cascaded (~ 1 V). At higher voltages over 1 V, the RT has a significant impact on
increasing the forward current and consequently the asymmetry up to ~120. The
cascaded MI°M structure showed the highest zero-bias responsivity of -3.7 A/W and
the largest low voltage asymmetry of 6 at 0.1 V. This can be ascribed to the dominance
of direct and Fowler-Nordheim tunnelling in current transportation. This is the first
demonstration of extremely enhanced device responsivity and asymmetry using triple
insulator MI°M diode structures. The results open the way for further optimisation of
triple insulator designs with the use of different metal electrodes (MI°M>) and reduced
barrier heights, despite the fact that the dynamic resistances are too high for integration

with the antenna component of the rectenna.

As a final novel contribution; TiO2, ZnO and NiO based diodes were fabricated by
photolithography and characterised by DC I-V measurements with the aim of
observing the effect of device scaling on the rectification performance, particularly on
the coupling efficiency at 28.3 THz frequency. It was seen that a CrAu/7 nm
NiO/CrAu diode with 1 um? device area has 461.0 kQ Ry which results in a projected
coupling efficiency of 7. = 1.5%107 %. On the other hand, the 7. was calculated to be
1.7x107 % for CrAu/5 nm NiO/CrAu diode (based on 5.6 kQ Ry) despite the relatively
thinner oxide layer with a larger area (64 pm?), which is ~2 orders of magnitude lower.
The findings also demonstrate that NiO has a low electron affinity of 2.1-2.5 eV,
which correlates with a high Ry of ~500 kQ for 1 um? device area, making it
questionable for use in a rectenna device. On the other hand, diodes made of TiO; and
ZnO films have exhibited a better performance. The Au/2.6 nm ZnO/Cr diode, scaled
down to a 1 um? device area, had the highest rectification performance in terms of
zero-bias dynamic resistance (Rp = 71 kQ), responsivity (5 =0.28 A/W), and coupling
efficiency (7. = 2.4 x 10° %), that is ~ 6 orders of magnitude higher than the

previously demonstrated ZnO based devices for rectification at 28.3 THz.

Our simulation results have shown that the 7. of ZnO and TiO2 based MIM diodes can
be enhanced up to ~5% with the further modifications such as scaling down the device

area to nm scale, modifying the growth conditions to increase the electron affinity,
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reducing the oxide thickness and using metals with lower work functions such as Ti
and Nb. These modifications are also applicable to the multiple insulator MI"M diodes
where the resonant tunnelling mechanism is dominant. In this way, the 7. can be
increased by more than 10 %, consequently the overall rectenna efficiency can be

improved and competitive to current solar cell technology.

The low power coupling efficiency due to the inefficient diode structures continues to
be the obstacle for producing MIM based THz rectennas. This underpins the need for
more research into oxide thin films to develop a more reliable and repeatable
processing method for rectenna technology. This thesis is a step towards the

development of more efficient THz rectifiers.
8.2 A proposed solution for high efficiency THz rectifiers as future suggestion

The best performing rectenna devices made by using the photomask explained in
section 4.2.1 were tested with an optical setup having an IWR1843 single chip radar
with a 76-81 GHz radiation source attached. The source was aligned above the device
under test on an optical bench with the suitable apparatus. An optic lens was used to
converge the signal and focus on the rectenna. An optical chopper connected to a lock-
in amplifier was placed between the lens and the sample to modulate the reference

signal.

However, no output signal was detected for the tested samples. There could be several
reasons behind this unsuccessful attempt. One of them is that the radiation source was
not ideal for such an optical experiment since it was mainly developed to work as a
radar by sending the radiation to an object and detecting the reflected signal.
Therefore, the power of the signal was low for harvesting into DC current. However,
the main issue was the efficiency of the fabricated rectenna devices. As mentioned in
the previous sections, the fabricated device area was large (minimum 1 um?) which

limits the coupling efficiency of the devices.
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Figure 8.1. Schematics of a custom optical setup for testing rectenna devices.

In order to overcome this limitation, a new fabrication process is proposed for
fabricating nm scale device areas using thermal scanning probe nanolithography tool
called NanoFrazor that is available at University of Liverpool, Chemistry Department.
This is an alternative way to other nanofabrication techniques (such as e-beam or
nanoimprint lithography) as explained in section 2.3.1.3 (Refs. 97,98) and has the

capability of patterning < 30 nm features.

The process flow of the proposed structure is shown in Fig. 8.2. The suggested
rectenna array is made up of 12 linked, grid-like rectenna components, each made up
of a MIM rectifier and a circular patch antenna. 300 nm thick SiO> on Si will be used
as the substrate materials to ensure proper isolation and the uniformity of the device
which is shown in the first step of the process flow chart. This will be followed by
patterning and deposition of bottom circular patch metal and lift-off by conventional
photolithography tool with a single layer positive photoresist and the deposition

equipment.

Then, the antenna arms will be fabricated via the NanoFrazor tool with a bilayer lift-
off (BLO) process. In the BLO process, the sample is first spin-coated with two
polymer layers those are a lift-off resist and a thermal resist Polyphthalaldehyde
(PPA). The NanoFrazor is then used to pattern the desired geometry into the PPA
layer. After that, wet chemistry is used to develop the lift-off resist by immersing the
sample in PMGI (polydimethylglutarimide) and IPA solution.
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Figure 8.2. The process flow for patterning rectenna arrays using a combination of
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photolithography and thermal scanning probe lithography processes.

An undercut profile forms during the isotropic etching process. Then, the bottom metal
layer is deposited. The lift-off resist and PPA are finally washed away together with
the undesired sections of the deposited metal layer by immersing the sample in an
NMP (N-Methyl-2-pyrrolidone) solvent. Hence, the geometry patterned in the PPA

layer is transferred in the deposited material.

After the BLO, the oxides will be deposited via sputtering or ALD processes and then
etched to have the electrical connection between the overlapping bottom and top
circular patches. After the etching, the top antenna arms will be fabricated by
following the same BLO steps and the device will be finalised with a last

photolithography step and deposition of the top circular patches. The fabrication
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process can be modified by redesigning the microstrip antenna patches depending on

the frequency of the input radiation.

In summary, by scaling down the devices into nm scale and engineering the tunnel
barriers, it is aimed to increase the rectification efficiency (7;) of the diodes including
the responsivity, asymmetry and non-linearity parameters while decreasing the

dynamic resistance to improve the coupling efficiency (7.) at the same time.

On the other hand, it is also aimed to improve the coupling efficiency of the incident
electromagnetic radiation (#,) to the receiving antenna and the efficiency of the
collected energy in the diode-antenna junction (#s) with the designed circular patches
explained in section 3.4. Single (1 x 2) rectenna structure can be used as a proof-of-
concept for the circular patch rectennas, and it is expected to increase the overall

conversion efficiency (1) further with the 3x3 array structure.
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